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PREFACE 


This  volume  and  its  companion  contain  the  papers  presented  at  the  Eighth  Symposium 
on  Turbuient  Shear  Fiows  heid  at  the  Technical  University  of  Munich,  September  9-11,.  1991, 
The  first  of  these  bienniai  international  symposia  took  piece  at  the  Pennsyivania  State  Uni¬ 
versity,  USA,,  in  1977;  subsequent  symposia  were  heid  at  imperial  College,  London,;  England; 
the  University  of  California,  Davis,  USA,  the  University  of  Karlsruhe,  Germany;  Cornell  Uni¬ 
versity,;  Ithaca,  USA;  the  Paul  Sabatier  University,  Toulouse,  France;  and  Stanford  University, 
California,  USA.,  The  purpose  of  this  series  of  symposia  is  to  provide  a  forum  for  presentation 
and  discussion  of  new  developments  in  the  field  of  turbulence,;  especially  as  related  to  shear 
flows  of  importance  in  engineering  and  geophysics 

Nearly  330  extended  abstracts  proposing  papers  for  this  eighth  symposium  were  submit¬ 
ted  to  the  Papers  Committee  comprising  U.  Schumann  (chairman),.  R.  Friedrich,  B  E.  Laun¬ 
der,  and  J.  H.  Whitelaw.  Each  was  evaluated  by  two  members  of  the  Advisory  Committee,, 
and  by  at  least  one  member  of  the  Papers  Committee.  From  the  consensus  of  these  evalu¬ 
ations,  papers  were  selected  for  ora!  presentation  at  the  Symposium  and  for  inclusion  as  a 
full  paper  of  maximum  six  pages  in  the  proceedings.  Because  of  the  large  number  of  excel¬ 
lent  contributions,  we  looked  for  possibilit’es  to  increase  the  number  of  papers  to  be  pre¬ 
sented.  However,  because  of  time  and  space  limitations,,  not  all  papers  could  be  orally  pre¬ 
sented.  Therefore,  further  contributions  were  invited  for  presentation  as  posters  during  the 
Symposium.  For  these  contributions,,  short  communications  of  two  pages  were  included  in 
the  proceedings  Because  of  the  large  number  of  papers,  it  was  necessary  to  bind  them  in 
two  volumes  The  papers  of  the  poster  sessions  are  included  at  the  end  of  the  second  vol¬ 
ume.  No  selection  process  can  ever  be  perfect,  and  we  very  much  appreciate  the  under¬ 
standing  of  colleagues  whose  papers  could  not  be  included  this  time 

This  Symposium  was  organized  in  cooperation  with'  American  Meteorological  Society, 
American  Society  of  Mechanical  Engineering.,  and  Deutsche  Meteorologische  Gesellschaft. 
The  Organizing  Committee  is  grateful  for  this  support 

In  particular,  the  Organizing  Committee  wishes  to  acknowledge  the  generous  financial 
support  of.  BMW  AG,  Deutsche  Aerospace  AG,,  Deutsche  Lufthansa  AG,  Deutsche  For- 
schungsanstalt  fur  Luft-  und  Raumfahrt,  Deutsche  Meteorologische  Gesellschaft  European 
Office  of  Aerospace  Research  and  Development  of  the  U  S  Air  Force,  European  Research 
Office  of  the  U.  S,  Army,  Linde  AG,  Mercedes  Benz  AG,,  and  Vieweg-Verlag. 

Finally,  the  Organizing  Committee  very  much  appreciates  the  efforts  of  the  Local 
Arrangements  Committee,,  which  did  much  to  ensure  the  success  of  the  Symposium 

F.  Durst,  B.  E  Launder,  F.  W.  Schmidt,^  J.  H.  Whitelaw 
Organizing  Committee 

R.  Friedrich^  U.  Schumann 
Conference  Chairmen 


II 


EIGHTH  SYMPOSIUM  ON  TURBULENT  SHEAR  FLOWS 
Technical  University  of  Munich,  September  S  - 11,  1991 


CONTENTS  OF  VOLUME  1 
SESSIONS  1  -  18 

SESSION  1  -  PLENARY  PRESENTATIONS 

1-1  Compressibility  effects  on  the  growth  and  structure  of  homogeneous  turbulent  shear 
flow 

G.  A.  Blaisdell,  W.  C.  Reynolds,  N.  N.  Mansour 

1-2  Experiments  on  free  turbulence/shock  wave  interaction 

L.  Jacquin,,  E  Blin,  P.  Geffroy 

1-3  Raman/LiF  measurements  in  a  lifted  hydrocarbon  jet  flame 
A.  H.  Stainer,  R.  W,  Bilger,  R.  S.  Barlow 

1- 4  Large-eddy  simulation  of  the  convective  boundary  layer:  A  comparison  of  four  com¬ 

puter  codes 

F.  T.  M.  Nieuwstadt,  J.  Mason,  C.  H.  Moeng,  U.  Schumann 

SESSION  2  -  WALL  FLOWS  -I 

2- 1  Bursts  and  sources  of  pressure  fluctuation  in  turbulent  boundary  layers 

J.  F.  Morrison,  P.  Bradshaw 

2-2  Three-dimensional  vortical  ,'...  ucture  of  a  large-scale  coherent  vortex  in  a  turbulent 
boundary  layer 

H.  Makita,,  K.  Sassa 

2- 3  Effects  of  adverse  pressure  gradients  on  mean  flows  and  turbulence  statistics  in  a 

boundary  layer 

y.  Nagano,,  M.  Tagawa,,  T.  Tsuji 

*  2-4  Study  of  the  convection  velocities  of  the  burst  and  sweep  structures  in  a  turbulent 
boundary  layer 

C.  L  Gan,,  D.  G.  Bogard 

SESSION  3  -  MIXING  LAYERS 

3- 1  The  velocity  and  transverse  vorticity  field  in  a  single  stream  shear  layer 

J.  M.  Bruns,  R.  C.  Haw,,  J.  F.  Foss 

3-2  Evolution  of  three-dimensionality  in  stable  and  unstable  curved  mixing  layers 

M.  IV.,  Plesniak,,  R.  D.  Mehta,,  J.  P  Johnston 

3-3  A  computational  fluid  dynamics  code  for  the  investigation  of  free-shear-layer  optics 
V'  P.  Tsai,,  W.  H.  Christiansen 

3-4  Effects  of  multiple-frequency  forcing  on  spatially-growing  mixed  layers 
O.  Inoue,,  S.  Onuma 

3-5  Role  of  rolls  and  ribs  in  reacting  mixing  layers 

R.  VJ.  Metcalfe,  F.  Hussain,  K.-H.  Park 


SESSION  4  -  INSTRUMENTATION 


4-1  A  new  method  for  visualization  and  measurement  of  turbulent  flow  patterns 

R.  H.  G.  Muller,,  M.  Hackeschmidt 

4-2  Two-dimensional  pattern  recognition  processing  of  near-wall  turbulence 
T.  Ueno,  T.  Utami 

4-3  Water-compatible  vorticity  vector  optical  probe 
M.  B.  Frish,  R.  D.  Ferguson 

4-4  Development  of  a  probe  for  measuring  pressure  diffusion 
M.  Nasseri,  W.  Nitsche 

4- 5  Wall  shear  stress  determination  by  means  of  obstacle-wires 

W,  Weiser,,  W.  Nitsche,,  F.  Renken 

SESSION  5  -  WALL  FLOWS-II 

5- 1  On  the  equations  for  higher  order  moments  in  wall  bounded  flows 

F.  Durst,  J.  Jovanovic,  T.  G.  Johansson 

5-2  Numerical  study  of  axial  turbulent  flow  over  long  cylinders 
J.  C.  Neves,  P.  Main,  R.  D.  Moser 

5-3  The  structure  of  turbulence  in  a  simulated  plane  Couette  flow 
M.  J.  Lee,  J.  Kim 

5-4  On  the  mechanics  of  3-D  turbulent  boundary  layers 

O.  Sendstad,  P.  Mein 

5- 5  On  the  origin  of  streaks  in  turbulent  shear  flows 

F.  Waleffe,  J.  Kim 

SESSION  6  -  FREE  SHEAR  FLOWS 

6- 1  The  temporal  evolution  of  large-scale  structures  in  the  turbulent  jet 

M.  Yoda,  L.  Hesselink,,  M.  G.  Mungal 

6-2  Control  of  an  axisymmetric  turbulent  jet  by  multi-modal  excitation 

G.  Raman,,  E.  J.  Rice,  E.  Reshotko 

6-3  The  three-dimensional  evolution  of  axisymmetric  jets  perturbed  by  helical  waves 
J.  E.  Martin,,  E.  Meiburg 

6-4  Variable  density  effects  on  the  mixing  of  turbulent  rectangular  jets 

S.  Sarh,,l.  Gdkalp 

6- 5  Large-scale  structures  in  wakes  behind  axisymmetric  bodies 

S.  Cannon,,  F  Champagne 

SESSION  7  -  TWO-PHASE  FLOWS-I 

7- 1  Use  of  Lagrangian  methods  to  describe  particle  distribution  in  horizontal  turbulent 

flows 

J.  L.  Binder,  T.  J.  Hanratty 

7-2  The  dispersion  and  transport  behaviour  of  particles  in  turbulent  g^s  flows 

P.  Neumann,,  H.  Umhauer 

7-3  On  the  interaction  between  solid  particles  and  decaying  turbulence 
S.  E.  Elghobashi,,  G,  C.  Truesdell 

7-4  Second-moment  prediction  of  dispersed  phase  turbulence  in  particle-laden  flows 
0.  Simonin 


SESSION  8  -  WALL  FLOWS-II 


8-1  The  near-wall  structure  of  turbulent  flow  along  a  streamwise  corner 
F..  8  Gessner,  H.  M.  Eppich,  E.  G.  Lund 

8-2  Prediction  of  three-dimensional  turbulent  boundary  layers  using  a  second-moment 
closure 

N.  Shima 

8-3  Turbulent  energy  budgets  in  Impinging  zones 

J.  M.  M.  Barata,  D.  F.  G.  Durao,  M.  V.  Heitor 

8-4  Prediction  of  a  turbulent  jet  impacting  a  flat  surface 
M.  Olanat,  M.  Fairweather,^  W.  P.  Jones 

8- 5  Computation  of  impinging  flows  using  second-moment  closure 

r,  J.  Craft,  B.  E.  Launder 

SESSION  9  -  AERODYNAMIC  FLOWS 

9- 1  Far-field  turbulence  structure  of  the  tip  vortex  shed  by  a  single  rectangular  wing 

W.  J.  Devenport,  G.  Sharma 

9-2  LDV  measurements  in  the  unsteady  tip-vortex  behind  an  oscillating  rectangular  wing 
V.  Zheng.  B.  R.  Ramaprian 

9-3  Phase-averaged  turbulence  statistics  in  a  near  wake  with  an  asymmetric  vortex 
shedding 

A..  Nakayama,  H.,  R.  Rahai,  H.  tint 

9-4  An  experimental  evaluation  of  some  turbulence  models  from  a  three-dimensional 
turbulent  boundary  layer  around  a  wing-body  junction 
S.  M.  Olcmen,  R.  L.  Simpson 

9- 5  Three-dimensional  separated  flows 

F.  McCiuskey,  P.  E.  Hancock,  /..  P.  Castro 

SESSION  10  -  TWO-PHASE  FLOWS-II 

10- 1  Large  eddy  simulation  applied  to  the  modeling  of  particulate  transport  coefficients 

in  turbulent  two-phase  flows 

E.  Deutsch,  O.  Simonin 

10-2  Modeling  of  particle  dynamics  and  heal  transfer  in  turbulent  flows  using  equations  for 
first  and  second  moments  of  velocity  and  temperature  fluctuations 
L.  I.  Zaichik,,  A.  A  Vinberg 

10-3  A  time-correlated  stochastic  model  for  particle  dispersion  in  anisotropic  turbulence 
Q.,  Zhou,  M  A.  Leschziner 

10-4  The  statistical  concept  of  coarse  particle  motion  in  a  tubulent  pipe  flow 
I.  V.  Derevich 

10-5  Particle  dispersion  in  highly  swirling,,  turbulent  flows 

E.  Biumcke,  M.  Brandt,,  H.  Eickhoff,,  C.  Hassa 


SESSION  11  -  UNSTumDY  FLOWS 


11*1  MeasuremEnts  of  wall  shear  rate  in  large  amplitude  unsteady  reversing  flows 
Z.  Mao,  T.  J.  Hanratty 

11-2  Wall  shear-stress  measurements  In  unsteady  turbulent  flows  In  diverging  channels 

R.  D  Maestri,,  S.  Tardu,  G.  Binder 

11-3  Turbulence  in  high-frequency  periodic  fully-developed  pipe  flow 
J.-L.  Hwang,,  O.  J.  Brereton 

11-4  Direct  simulation  of  turbuient  pulsed  plane  channel  flows 

S.  Rida,  K.  Dang  Tran 

11- 5  sheorefical  and  numerical  investigation  of  wave-turbulence  interactions 

J.  Magnaudet,  J.  Queyron 

SESSION  12  -  ATMOSPHERIC  FLOWS 

12- 1  Estimation  of  eddy  characteristics  from  fim"  series  using  locaiized  transforms 

L.  Mahrt,  J.  Howell 

12-2  Structure  of  turbulent  boundary  layers  perturbed  over  short  length  scales 
S.  E.  Belcher,,  W,  S.  Weng,,  J.-  C.  R,  Hunt 

*  12-3  The  de , ay  of  stratified  turbulence:  a  numerical  study 
L  van  Haren.,  C.  Staquet,  C.  Cambon 

12-4  Comparison  of  DNS  and  LES  of  turbulent  scalar  transport  in  stably  stratified  shear 
fiows 

H.-J.  Kaltenbach,,  T.  Gerz,  U.  Schumann 

12- 5  The  temperature  structure  function  for  complex  terrain 

A.  F.  de  Baas,  M.  Sarazin 

SESSION  13  -  APPLICATIONS 

13- 1  Second  moment  closure  predictions  of  jel-on-jet  impingement  flows 

5.  J.  Baker,,  JJ.  McGuirk 

13-2  Measurements  and  simulation  of  the  flow  around  a  poppet  valve 

Z.  Lilek,,  S.  Nadarajah,  M.  Penc,,  M.  J.  Tindal,,  M  Yianneskis 

13-3  Experimental  and  numerical  analysis  for  flows  in  negative  corona  precipitator 
J.,  N  Sorensen,,  P.  S.  Larsen,  J.  Zamany 

13-4  Vortical  flow  simulation  by  the  solution  of  the  Navier-Stokes  equations 
J  M.  A..  Longo,,  R.  Radespiel 

13-5  A  study  of  three-dimensional  turbulent  boundary  layer  separation  and  vortex  flow 
control  using  the  reduced  Navier-Stokes  equations 

6.  H.  Anderson,,  S  Farokhi 


i 


I 


vi 


SESSION  14  -  SEPARATED  FLOWS  - 1 


14-1  An  experimental  and  numerical  study  of  confined  axisymmetric  jet  with  a  bluff  body 
M.  Sends,,  S.  Oksmoto,  S.  Kikkawa 

11-2  Flow  structure  and  mixing  in  obstructed  and  confined  jets 
S.  G.  Bryce,  R.  E.  J.  Fryer-Taylor 

14-3  Turbulent  shear  flow  over  rows  of  two-dimensional  square  ribs  on  ground  plane 

S.  Okamoto,  K.  Nakaso 

14-4  Flow  around  sui-face-mounted,  three-dimensional  obstacles 
A.  Larousse,  R.  Martinuzzi,,  C.  Tropea 

14- 5  Instability  of  flow  past  an  isolated  roughness  element  in  the  boundary  layer 

K.  One,  T.  Tamura,,  K.,  Kuwahara,  T  MotohashI 

SESSION  15  -  TRANSITION 

15- 1  The  natural  and  forced  formation  of  spot-like  A-structures  caused  by  vortex  dislo¬ 

cations  in  a  wake 

C.  H.  K.  Williamson 

15-2  The  route  to  turbulence  in  nominally  two-dimensional  free  shear  flows 
G.  S.  Triantafyllou,  G.  E.  Karniadakis 

15-3  Absolute  instability  in  variable  density  plane  jets 

J.-L.  Marion,  R.  Riva,  G.  Binder,  M.  Favre-Marinet 

15-4  Direct  and  large-eddy  simulations  of  transition  in  the  compressible  boundary  layer 
over  an  insulated  flat  plate 

P.  Comte,  X  Normand,  M.  Lesleur 

15- 5  Breakdown  of  a  circular  jet  into  turbulence 

M.  V.  Melander,,  F.  Hussain,,  A.  Basu 

SESSION  16  -  HOMOGENEOUS  FLOWS 

16- 1  Local  topology  of  small  scale  motions  in  turbulent  shear  flows 

R.:  Sondergaard,  J.  Chen,,  J.  Soria,,  B.  Cantwell 

16-2  On  the  use  o'  the  Weierstrass-Mandelbrot  function  to  describe  the  fractal  component 
of  turbulent  velocity 

J.  A.  C.  Humphrey,  C,  A.  Schuler,,  B.,  Rubinsky 

16-3  Study  of  coupled  effects  of  plane  strain  and  rotation  of  homogeneous  turbulence 
0.  Leuchter,  J.  P.  Benoit 

16-4  Large  and  small-scale  coupling  in  homogeneous  turbulence:  Analysis  of  the  Navier- 
Stokes  equation  in  the  asymptotic  limit 
J.  G  Brasseur,  P,  K.  Yeung 

16-5  Evolution  of  coherent  vortex  structures  in  sheared  and  stratified,  homogeneously 
turbulent  flows 

T.  Gerz 


SESSION  17  -  SEPARATED  FLOW  -  II 


17-1  Scrutinizing  k-c  EVM  and  ASM  by  means  of  LES  and  wind  tunnel  forflowfield  around 
cube 

S.  Murakami.,  A.  Mochida,  Y.  Hayashi 

17-2  Numerical  simulation  of  periodically  fully  developed  turbulent  flow  and  heat  transfer 
in  a  channel  with  longitudinal  vortex  generators 
J.  X.  Zhu,  N.  K.  MItra,,  M.  Fiebig 

17-3  Embedded  longitudinal  vortex  arrays,  velocity  and  temperature  fields,  loss  and  heat 
transfer  augmentation 

M.  Fiebig,  J.  X.  Zhu,  N.  K.  Mitra 

17-4  An  experimental  study  on  the  separation  of  a  turbulent  boundary  layer  from  a  sharp 
edge 

S.  Yamashita,  I.  Nakamura,  T.  Kushida,,  H.  Yamada 

17- 5  Measurements  and  modelling  of  the  turbulent  near  wake  flow  of  a  disk  with  a  central 

jet 

D.  F.  G.  Durao,  G.  Knittel,,  J.  C.  F.  Pereira,,  J.  M.  P.  Rocha 

SESSION  18  -  TRANSiiiON  AND  CONTROL 

18- 1  A  model  equation  for  transition  and  turbulence  in  plane  channel  flow 

N.  D.  Sandham 

18-2  Transition  to  turbulence  in  curved  channel  flow 

O. .  J.  E.  Matsson,  A.  Botlaro,  P.  H.  Alfredsson 

18-3  Evolution  of  coherent  structures  during  transition  in  a  flat-plate  boundary  layer 
D.  Rempfer,,  H.  Fasel 

18-4  Influence  of  suction  through  a  slot  on  a  turbulent  boundary  layer 
G.  Pailhas,  J.  Cousteix,  F.  Anselmet,,  L.  Fulachler 

18-5  Experimental  and  numerical  investigation  of  a  turbulent  boundary  layer  over  riblets 
M  Benhalilou,  F.  Artselmet,,  J.  Liandrat,  L.  Fulachler 


EIGHTH  SYMPOSIUM  ON  TURBULENT  SHEAR  FLOWS 
Technical  University  of  Munich,  Septembers  - 11, 1991 


CONTENTS  OF  VOLUME  2 
SESSIONS  19  -  31  and  POSTER  SESSIONS 

SESSION  19  -  LARGE  EDDY  SIMULATIONS 

19-1  An  algebraic  property  of  the  turbulent  stress  and  its  possible  use  In  subgrid  modeling 
M.  Germano 

19-2  Stochastic  backscatter  in  the  near  wall  region  of  large-eddy  simulations 
P.  J.  Mason,  D.  J.  Thomson 

19-3  Large-eddy  simulation  of  tully  developed  turbulent  pipe  flow 
F  Unger,  R.  Friedrich 

19-4  Large-eddy  simulation  of  turbulent  flow  over  and  around  a  cube  In  a  plate  channel 
H.  Werner,  H.  Wengle 

19- 5  Numerical  simulation  of  turbulent  convective  shear  flows  over  wavy  terrain 

A.-  Dornbrack,  K.  Krettenauer,  U.  Schumann 

SESSION  20  -  SEPARATED  FLOWS  -  III 

20- 1  Calculation  of  vortex  shedding  past  a  square  cylinder  with  various  turbulence  models 

R.  Franke,  W.  Rodi 

20-2  Computations  of  a  separated  turbulent  boundary  layer 
K.  N.  Atkinson,,  I.  P.  Castro 

20-3  Non-orthogonal  calculation  procedures  using  second  moment  closure 

S.  Sebag,  V.  Maupu,,  D.  Laurence 

20-4  Turbulence  structure  of  a  backward  facing  step  flow  using  LES  data 
Y.  Morinishi,  T.  Kobayashi 

20- 5  Second-moment  modelling  of  recirculation  flow  with  non-orthogonal  collocated  fin¬ 

ite-volume  algorithm 

F.  S.  Lien,,  M..  A.  Leschziner 

SESSION  21  -  COMPRESSIBLE  FLOWS  -  II 

21- 1  Direct  Simulation  of  a  supersonic  reacting  mixing-layer 

0.  H.  Planche,,  W.  C.  Reynolds 

21-2  Compressible  and  homogeneous  shear:  simulation  and  modeling 
S.  Sarkar,  G.  Erlebacher,  M.  Y.  Hussaini 

21-3  Simulation  and  modeling  of  homogeneous  compressible  turbulence  under  isotropic 
mean  compression 

G. -  N  Coleman,,  N.,  N.,  Mansour 

21-4  Compressible  turbulence  subjected  to  shear  and  rapid  compression 
O.  Zeman 

21-5  Effect  of  Mach  number  on  communication  between  regions  of  a  shear  layer 
D.  Papamoschou 


ix 


SESSION  22  -  COMBUSTION  >  I 


22-1  Analysis  of  turbulent  mixing  models 
J.-Y.  Chen,  W.  Kollmann 

22-2  Mathematical  modelling  of  jet  diffusion  from  flames  in  the  atmosphere  using  a  second 
moment  turbulence  model 

H.  Ramirez-Leon,  C.  Rey,  J.-F,  Sini 

22-3  Direct  numerical  simulation  to  test  some  models  of  premixed  reacting  turbulent 
homogeneous  and  isotropic  flows 

H.  J.  Moon.,  A.  Picart,,  R.  Borghi 

22-4  A  continuous  mixing  model  for  PDF  simulations  and  its  application  to  combusting 
shear  fiows 

A.  T.  Hsu,,  J.-Y.  Chen 

22- 5  Modeiling  of  transient  compressible  turbulent  reacting  flows 

R.  P.  Lindstedt,  V.  Sakthiiharan 

SESSION  23  -  COMPRESSIBLE  FLOWS  -  II 

23- 1  Compressibility  effects  in  supersonic  turbuient  far  wakes 

J.-P  Bonnet,  J.  Delviile,  S.  Sapin,,  P.  Sullivan,,  R.  Yew 

23-2  The  effect  of  compressibility  on  conserved  scalar  entrainment  in  a  piane  free  shear 
layer 

J.  H.  Chen 

23-3  Compressibility  effects  on  large  structures  in  free  shear  flows 
M.  Samimy,  G.  S.  Elliott,  M.  F.  Reeder 

23-4  The  effects  of  viscosity  and  diffusion  on  a  supersonic  mixing  layer 
P.  Vuillermoz,  E.  S.  Oran 

23- 5  Reactive  mixing  layer  between  pressure  reflecting  boundaries 

J.  P  Chollet,,  R.  J.  Gathmann 

SESSION  24  -  BUOYANT  FLOWS  AND  HEAT  TRANSFER  - 1 

24- 1  Momentum,  heat  and  mass  transfer  in  turbulent  pipe  flow  described  by  the  ERSR 

model 

E  E.  Musschenga,,  P.  J.  Hamersma,,  J.  M.  H.  Fortuin 

24-2  Scaling  of  the  turbulent  natural-convection  boundary  layer  along  a  hot  vertical  plate 
R.  A.  W.  M.  Henkes 

24-3  Thermally  driven  turbulent  boundary  layer 
T.  Tsuji,,  Y.  Nagano,,  M.  Tagawa 

24-4  The  prediction  of  convective  heat  transfer  in  rotating  square  ducts 
T.  Bo,,  H.  lacovides,  B.,  E.  Launder 

24-5  Heat  transfer  in  a  turbulent  boundary  layer  with  an  insertion  of  a  LEBU  plate 

K.  Suzuki,,  H.  Suzuki,,  K.  Inaoka,  H.  KIgawa 


SESSION  25  -  COMPLEX  FREE  FLOWS 


25-1  Structural  features  of  a  heated  round  turbulent  jet  in  a  cross-flow 
Z  Huang,  M  S  Low,,J.  G.  Kawall.  J.  F.  Keffer 

25-2  A  one-dimensional  proper  orthogonal  decomposition  of  the  downstream  flowfield  of 
a  lobed  mixer 

L.  Ukeiley,,  M  Glauser,^  D  Wick 

25-3  A  circular  jet  injected  into  the  wake  of  a  circular  cylinder  set  in  a  uniform  flow 
H.  Yamada.,  I  Nakamura,  S  Yamashita,^  H.  Yano 

25-4  Turbulent  mixing  of  multiple  plane  and  axisymmetrical  jets 
R.  Karvinen,,  P.  Saarenrinne,,  H.  Ahlstedt 

25- 5  Effect  of  tabs  on  the  evolution  of  an  axisymmetric  jet 

K.  B.  M.  Q.  Zaman,,  M.  Samimy,,  M  F  Reeder 

SESSION  26  -  CLOSURES-I 

26- 1  Turbulence  model  testing  with  the  aid  of  direct  numerical  simulation  resu'ts 

N.  Gilbert,,  L.  Kleiser 

26-2  K-t  turbulence  model  for  low  Reynolds  number  wall-bounded  shear  flows 

G.  B  Deng,,  J  Piquet 

26-3  An  improved  form  of  the  near-wall  k-n  model  based  on  new  expenmental  data 
R.  I  Karlsson,,  H  Tinoco,,  U.  Svenson 

26- 4  A  K-e-u*  model  with  special  relevance  to  near  wall  turbulence 

H.  Kuwamura 

*  26-5  Testing  a  low  Reynolds  number  K-c  turbulence  model  based  on  direct  simulation 
data 

G.  Scheurer,,  W.  Rodi 

SESSION  27  -  BUOYANT  FLOWS  AND  HEAT  TRANSFER  -  II 

27- 1  Experimental  balances  for  the  second  moments  for  a  buoyant  plume  and  their  impli¬ 

cation  on  turbulence  modeling 
A.  Shabbir 

27-2  Modeling  Prandti  number  influence  on  turbulent  scalar  flux 
N.  Shikazono,,  N  Kasagi 

27-3  Joint  statistics  between  a  passive  scalar  and  its  dissipation  in  a  turbulent  boundary 
layer 

F.  Anselmet,,  H.  Djeridi,,  L  Fulachier 

27-4  The  influence  of  density  on  thermal  motion 

M.  J  Valente  Neves,  P.  D  Almeida 

27-5  Generation  of  very  high  freestream  turbulence  levels  and  the  effects  on  heat  transfer 
K  A  Thole,,  J.  Whan-Tong,,  D.  G.  Bogard 


i 

i 


SESSION  28  -  COHERENT  STRUCTURES 


28-1  A  model  for  bursting  of  near  wall  vortical  structures  in  boundary  layers 
P.  Odandi,  J.  Jimenez 

28-2  Coherent  structures  in  the  turbulent  wake  of  a  porous  body 

M.  Matsumura,  Z.  Huang,  J.  G.  Kawall,  J.  F.  Keffer 

28-3  On  the  quasi-coherent  turbulence  structures  in  the  two-dimensional  channel  flow 

K.  Nishino,  N.  Kasagi 

28-4  Automatic  reconstruction  of  dynamical  system  equations  from  numerical  scalar  time 
series 

G.  Gouesbet 

28- 5  Coherent  structure  dynamics.  Interaction  between  large  and  fine  scales 

M.  V.  Melander,  P.  Hussain 

SESSION  29  -  CLOSURES-II 

29- 1  Progress  and  paradoxes  in  modelling  near-wall  turbulence 

B.  E  Launder,,  D.  P.  Tselepidakis 

29-2  Computation  of  mixing  layers  by  a  spectral  transport  model 

R.  A.  Gore,  F  H.  Harlow,  C.  Zemach 

29-3  Turbulence  model  for  the  dissipation  components  of  Reynolds  stresses 
M.  Tagawa,,  Y.  Nagano,  T.  Tsuji 

29- 4  Structure  and  modelling  in  strongly  sheared  turbulent  compressible  flow 

y.  Lebret,  D.  VanDromme,,  H.  HaMinh 

*  29-5  Two  point  velocity  correlation  models  in  turbulent  flows  and  their  impact  on  the 
Reynolds  stress  models 
A  Lin 

SESSION  30  -  ROTATION  AND  CURVATURE  EFFECTS 

30- 1  Turbulence  in  the  vicinity  of  a  rotating  cylinder  in  a  quiescent  fluid:  Experiments  and 

modelling 

H.  Andersson,,  B.  Johansson,  L  Lofdahl,,  P.  J.  Nilsen 

30-2  Stabilizing  and  Destabilizing  effects  of  solid  body  rotation  on  shear  flows 

S.  Yanase,,  C.  Flores,  O.  Metals,,  M.  Lesieur 

30-3  Effects  of  curvati're  on  the  spectra  of  sheared  turbulence 
A.  G.  L.  Holloway,,  S.  Tavoularis 

30-4  Experimental  investigation  of  the  three-dimensional  boundary  layer  on  a  rotating  disk 
H.  S  Littell,,  J.  I'  Eaton 

30-5  Effects  of  a  solid  body  rotation  on  the  transport  of  turbulence 

L.  Shao,  M.  Michard,  J.  P.  Bertoglio 


SESSION  31  -  COMBUSTION  -  II 


31-1  Intermittency  and  concentration  probability  distribution  in  turbuient  shear  fiows 
V.  A  Sabelnikov 

31-2  Application  of  PDF  methods  to  piloted  diffusion  flames:  Sensitivity  to  model  parame¬ 
ters 

A.  T.  Norris,  S.  B.  Pope 

31-3  An  experimental  study  of  laminar,  transitional  and  turbulent  jet  flames  of  air-diluted 
methane 

R.  S.  Barlow,,  S.  H.  Starrier,  R.  W.  Bilger 

31-4  Three-dimensional  vortical  structure  of  a  turbulent  flame 

E.  Gutmark,,  P.  Parr,  D.  M.  Hanson-Parr,  K.  C.  Schadow 

31-5  Turbulent  transport  processes  in  swirling  recirculating  non-premixed  flames 
D.  F.  G.  Durao,,  M.  V.  Heitor,,  A.  L.  N.  Moreira 


POSTER  SESSIONS 


POSTER  SESSION  I 

1-1  Turbulence  measurements  in  a  two-dtmensional  wall-jet 
H.  Abrahamsson,  B.  Johansson,  L.,  Lofdahl 

1-2  Numerical  simulation  and  modelling  of  the  transition  past  a  rectangular  afterbody 
M.  Braza,  P.  Nogues 

1-3  Oscillating  airfoil  velocity  field  during  large  amplitude  dynamic  stall 
M.  S  Chandrasekhara,,  R.  D.  Van  Dyken 

1-4  Vortex  shedding  in  a  drag  reducing  surfactant  solution 
J.  Dohmann 

1-5  Pressure  drag  on  obstacles  in  a  turbulent  boundary  layer 
S.  Emeis 

1-6  Simulation  of  turbuient  velocity  profiles  appearing  on  rotating  and  stationary  parts 
of  subsonic  compressors  and  turbines 
J  K  Kaldellis 

1-7  The  calculation  of  a  compressible  boundary  layer  past  a  pointed  body  and  Delta  wing 
E.  Krause,,  T.  V,  Poplavskaja,  V.  N.  Vetiutsky 

1-8  Intermittency  and  fine-scale  turbulence  structure  in  shear  flows 
V.  R  Kuznetsov,,  A  A.  Praskovsky,  V.  A.  Sabelnikov 

1-9  The  formation  and  extent  of  turbulence-driven  secondary  flows  in  a  curved  pipe 
Y.  G.  Lai,  R.,  M.  C.  So,,  H.  S.  Zhang 

1-10  The  development  of  fully  developed  turbulent  pipe  flow,  (An  analytical  and  exper¬ 
imental  study  of  the  entrance  region) 

E.  M  Laws,  M  Aichouni 

1-11  Some  recent  developments  in  the  application  of  renormalization  methods  to  prob¬ 
lems  in  turbulence 

IV.  D.  McComb,  M..  Filipiak,,  IV,  Roberts,  A.  G,  IVaff 


1-12  Vortex  interaction  in  the  wake  behind  an  oscillating  airfoil 
K.  Morikawa,.  H.  Gronig 

1-13  Turbulent  Couette  type  flow  with  an  alternative  pressure  gradient 
K.  Nakabayashi,,  0.  Kitoh,  H.  Iwata 

I-14  The  coherent  structure  in  a  corner  turbulent  boundary  layer 
/  Nakamura,  M.  Mtyata,,  T.  Kushida,  T.  Yamaguchi 

1-15  The  effects  of  Reynolds  number  on  turbulent  wall  layers 
R.  L  Panton 

1-16  A  comparison  of  temporal  and  spatial  temperature  derivatives  in  a  strained  turbulent 
flow 

H  R.  Rahai,  J.  C.  LaRue 

1-17  The  preliminary  quantitative  measurements  of  the  scalar  field  in  the  rectangular  jet 
mixing  flows 

G.  X.  Shen,  J.  Jin 

1-18  Effects  of  attack  angle  on  leg  portion  of  the  horseshoe  vortex  around  the  idealized 
wing 

T.  Shizawa,,  S.  Homami,,  M  Yamamoto 

1-19  Effects  of  multiple  extra  strain  rates  on  the  structure  of  wall  turbulence 
H  Yoshida,-  Y  Horiuchi,,  R.  Echigo,,  K.  Suenaga 

I- 20  Effect  of  longitudinal  vorticity  on  the  turbulence  structure  in  three-dimensional 

boundary  layers;  Modelling  and  prediction 
G.  Zhang,  P.  Zhao 

POSTER  SESSION  It 

II- 1  Large  eddy  simulation  of  Rayleigh-Benard  convection.  A  critical  look  at  the  wall 

function  boundary  condition 

D.  Angirasa,  F  T  M  Nieuwstadt 

11-2  Large  eddy  simulation  of  a  turbulent  flow  with  separation 
M.  Arnal,  R.  Friedrich 

11-3  On  the  modelling  of  turbulent  shear  flows  under  strong  bouyancy  effects 
0.  V.  Bayandin,;  G.  Z  Fainburg,  I.  I.  Wertgeim 

11-4  Large-eddy  simulation  of  cumulus  clouds 

J.  W.  M.  Cuijpers,  P  G  Duynkerke 

11-5  Two-parameter  turbulence  closure  schemes  in  the  slopes  wind  modelling 
E  E  Fedorovich,  A.  E  Kirimov 

11-6  Coherent  structures  in  unsteady  wall  flows  visualization  results 
M  Q  Feng,  S.  Tardu,  G.  Binder 

11-7  Simualtion  of  the  convective  boundary  layer  in  comparison  to  aircraft-measurements 
during  LOTREX-experiment 

J.,  Graf,  A.  M.  Jochum,  U.  Schumann 

11-8  Large  eddy  simulation  of  turbulent  nows  around  flat  plate  rows 
/.  Harada 

11-9  Numerical  simulation  of  density  and  viscosity  effects  without  gravity  in  free  turbulent 
jets 

G  Harran,  P.  Chassaing 


xiv 


11-10  An  asymptotic  analysis  of  two-dimensional  curved  turbulent  flows  at  high  Reynolds 
numbers  by  using  Reynolds-stress  equations 
S.  Jeken 


11-11  Direct  numerical  simulation  of  the  low  Prandtl  number  scalar  field  in  a  two-dimen¬ 
sional  turbulent  channel  flow 

N.  Kasagi,  Y.  Ohtsubo,,  Y.  Tomita 

11-12  Turbulence  in  rotating  curved  channel 

K.  Kikuyama,  K.  Nishibori,^  T.  Maeda 

11-13  Large  scale  vorficies  observed  in  river  flow 
R  Kinoshita,  T.  Utauri,  T.  Ueno 

M-14  Doppler  radar  investigations  of  intermittent  mesoscale  turbulence  in  the  tropical 
atmosphere 

/.  N.  Klepikov,  S.  S.  Moiseev,,  I.  V.  Pokrovskaya,  E.  A.  Sharkov 

11-15  The  combined  wake  of  an  array  of  oscillating  ribbons 
D.  E  Parckh,,  P.  Pulvin 

11-16  Large  eddy  simulation  of  spatially  developing  plane  mixing  layers 
C.  Pianese,  C  Benocci 

11-17  Signatures  of  quantum-like  mechanics  and  deterministic  chaos  in  atmospheric  flows 
A.  M.  Selvam,  J  S.  Pethkar,,  S  M.  Sholapurkar 

11-18  Dispersion  in  turbulent  boundary  layer  over  a  low  hill 
H.  Stapounizis 

11-19  Large  eddy  simulation  of  fully-developed  turbulent  flow  in  a  straight  duct 
M.  D.  Su,  R.  Friedrich 

11-20  Theoretical  model  of  thermocline  in  a  freshwater  basin 
S  S.,  Zilitinkevich,  D.  V.  Mironov 

POSTER  SESSION  III 


III-1  Two-scale  double-layer  model  in  wall-bounded  turbulent  flow 
E.  Arad,,  M.  Wolfshtein 


III-2  Analysis  of  turbulence  models  for  hypersonic  boundary  layers 
B.Aupoix,  J  Cousteix 

III-3  Characteristics  of  the  velocity  field  in  the  central  region  of  a  spirally  fluted  tube 
D.  S.  Babikian,  J.  C  LaRue,,  H  R.  Rahai 

III-4  A  new  model  for  premixed  turbulent  combustion  based  on  direct  simulation  results 
P.  Boudier,,  B.  Dillies,,  D.  Veynante,,  F.  Lacas,,  T.  Poinsot 

III-5  Investigation  of  NO,  formation  in  turbulent  nonpremixed  flames'  Mydrogen-air  jet 
flames 

J.-Y.  Chen,,  W  Kollmann 


III-6  An  examination  of  periodic  turbulent  pipe  flow  using  a  low-Reynolds-number  k-c  tur¬ 
bulence  model 

M.  A.  Cotton,,  J.  O..  Ismael 


III-7  Computer  simulation  of  separated  flow  in  a  branched  duct 
H.  Fu,,  M.  J.  Tindal,,  A.  P..  Watkins,  M.  Yianneskis 

III-8  Experimental  investigation  of  the  flow  structure  near  the  nozzle 
M.  Kimura,,  K.  Ono,  A.  Saima 


A 


XV 


III-9  A  study  of  turbulent  wake  structure  behind  elliptic  rings 
S.  J.  Lee,  P.  W.  Bearman 

111-10  Prediction  of  turbuience-driven  secondary  flow  in  a  square  duct  with  an  anisotropic 
low-Reynolds-number  k-e  model 
H  K..  Myong 

IIM"!  Response  of  unidirectional  two-dimensional  shear  flow  to  diffusional  transverse 
magnetic  field  results 
D.  Naot 

III-12  Solutions  of  the  von  Karman-Howarth  equation  by  grad'ent  flux  approximations 
M.  Oberlack,  N.  Peters,  D.  Kivotides 

111-13  Quantification  of  vortex  strength  in  bluff  body  wakes  using  spectral  measurements 
C.  0.  Popiel,,  D.  I.  Robinson,_  J  T.  Turner 

111-14  Finite  element  analysis  of  turbulent  and  heat  transfer  through  a  sudden  pipe  expan¬ 
sion 

M.  S  Ravisankar,,  K.  N.,  Seetharamu,  P.  A.  Aswath  Narayana 

111-15  Characterization  of  the  transport  behaviour  of  particles  in  an  electrohydrodynamic 
i.jwfield  with  the  aid  of  a  two-component  Laser-Doppler  velocimeter 
C.  Riehle,  F.  Loffler 

111-16  Some  further  exploration  of  turbulence  models  for  buoyancy  driven  flows 
S.  Vasi'c,  K..  Hanjalid 

111-17  Study  of  the  pressure-strain  term  in  Reynolds  stress  model 
M.  Yamamoto,  C.  Arakawa 

IH-18  An  experimental  investigation  ot  the  base  bleed  effect  on  the  two-dimensional  turbu¬ 
lent  wake  structure 

V.  L.  Zhdanov,  H.  Eckelmann 

111-19  Premixed,  turbulent  combustion  of  axisymmetric  sudden  expansion  flows 
A  S  Nejad,,S.  A.  Ahmed 


*  Note:  This  paper  was  unavailable  at  press  time.  Unbound  copies  of  the  full  paper  may  be 
obtained  from  the  author(s)  during  the  symposium.. 


LIST  OF  AUTHORS 


Abrahamsson,  H  1-1 
Ahlstedt,  H  25-4 
Ahmed,  S  A  III-19 
Aichouni.  M  1-10 
Alfredsson,  P  H  18-2 
Almeida,  P  D  27-4 
Anderson,  B  H  13-5 
Andersson,  H  I  30-1 
Angirasa,  D  11-1 
Anselmet,  F  18-4,  18-5,  27-3 
Arad,  E  III-1 
Arakawa,  C  111-17 
Arnal,  M  11-2 

Aswath  Narayana,  P  A  111-14 
Atkinson,  K  N  20-2 
Aupoix,  B  III-2 
de  Baas,  A  F  12-5 
Babikian,  D  S  III-3 
Baker,  S  J  13-1 
Barata,  J  M  M  8-3 
Barlow,  R  S  1-3,  31-3 
Basu,  A  15-4 
Bayandin,  D  V  11-3 
Bearman,  P  W  III-9 
Belcher,  S  E  12-2 
Benhalilou,  M  18-5 
Benocci,  C  11-16 
Benoit,  J  P  16-3 
Bertoglio,  J  P  30-5 
Bilger,  R  W  1-3,  31-3 
Binder,  G  11-2,  15-3,  11-6 
Binder,  J  L  7-1 
Blaisdell  G  A  1-1 
Blin,  E  1-2 
BlOmcke,  E  10-5 
Bo,  T  24-3 

Bogard,  D  G  2-4,  27-5 
Bonnet,  J -P  23-'' 

Borghi,  R  22-3 
Bottaro,  A  18-2 
Boudier,  P  III-4 
Bradshaw,  P  2-1 
Brandt,  M.  10-5 
Brasseur,,  J  G  16-4 
Braza,  M  1-2 
Brereton,  G  J  11-3 
Bruns,  J  M  3-1 
Bryce,  S  G  14-2 
Gambon,  C  12-3 
Cannon,  S  6-5 
Cantwell,  B  16-1 
Castro,,  I  P  9-5,  20-2 
Clidiiipayiie.  F  6-5 


Chandrasekhara,  M  S  1-3 
Chassaing,  P  11-9 
Chen,  J  H  23-2 
Chen,  J  16-1 

Chen.  J  Y  22-1,  22-4,  III-5 

Chollet,  J  P  23-5 

Christiansen,  W  H  3-3 

Coleman,  G  N  21-3 

Comte,  P  15-5 

Cotton,  M  A  III-6 

Cousteu.  J  18-4,  III-2 

Crafl,  T  J  8-5 

Cuijpers,  J  W,  M  11-4 

Dornbrack,  A  19-5 

Dang  Tran,  K  11-4 

Delville,  J  23-1 

Deng,  G  B  26-2 

Derevich,  I  V  10-4 

Deulsch,  E  10-1 

Devenport,  W  J  9-1 

Dianat,  M  8-4 

Dillies.  B  III-4 

Djeridi.  H  27-3 

Dohmann,  J  1-4 

Durao,  D  F  G  8-3,  17-5,  31-5 

Durst.  F  5-1 

Duynkerke,  P  G  11-4 

Van  Dyken,  R  D  1-3 

Eaton.  J  K  30-4 

Echigo,  R  1-19 

Eckelmann,  H  111-18 

Eickhoff,  H  10-5 

Elghobashi,  S  E  7-3 

Elhotl.  G  S  23-3 

Emeis,  S  1-5 

Eppich.  H  M  8-1 

Erlebacher,  G  21-2 

Fainburg,  G  Z  11-3 

Fairweather.  M  8-4 

Farokhi,  S  13-5 

Fasel,  H  18-3 

Favre-Marinel,  M  15-3 

Fedorovich.  E  E  11-5 

Feng,  M  G  11-6 

Ferguson,  R  D  4-3 

Fiebig,  M  17-2,  17-3 

Filipiak,  M  1-11 

Fiores.  C  30-2 

Fortum,  J  M  H  24-1 

Foss.  J  F  3-1 

Franke,  R  20-1 

Fiiedrich,  R  19-3,  11-2,  11-19 


Frish,  M  B  4-3 
Fryer-Taylor,  R  E  J  14-2 
Fu,  H  III-7 

Fulachier,  L  18-4.  18-5,  27-3 
Gokalp,  I  6-4 
Gan,  C  L  2-4 
Gathmann,  R  J  23-5 
Geffrey,  P  1-2 
Germane,  M  19-1 
Gerz,  T  12-4,  16-5 
Gessner,  F  B  0-1 
Gilbett,  N  26-1 
Glauser  M  25-2 
Gore,  R  A  29-2 
Gouesbet,  G  26-4 
Gronig.  H  1-12 
Graf,  J  11-7 
Gutmark,  E  31-4 
Hackeschmidt,  M  4-1 
Hamersma,  P  J  24-1 
HaMinh,  H  29-4 
Hancock,  P  E  9-5 
Hanialic,,  K  111-16 
Hanratty,  T  J  7-1,  11-1 
Hanson-Parr,  D  M  31-4 
Harada,  I  11-8 
van  Haren,  L  12-3 
Harion,  J  -L  15-3 
Harlow,  F  H  29-1 
Harran.  G  11-9 
Hassa,  C  10-5 
Haw,  R  C  3-1 
Hayashi,  Y  17  1 
Heitor,,  M  V  8-3,  31-5 
Henkes.  R  A  W  M  24-2 
Hesselink.  L  6-1 
Holloway,  A  G  L  30-3 
Homami,  S  1-18 
Horiuchi.  Y  1-19 
Howell,  J  12-1 
Hsu.  A  T  22-4 
Huang,  Z  25-1,  28-2 
Humphrey.  J  A  C  16-2 
Hunt,  J  C  R  12-2 
Hussain.  F  3-5,  15-4,  28-5 
Hussaini,  M  Y  21-2 
Hwang,  J -L  11-3 
lacovides,  H  24-3 
Inaoka,  K  24-5 
Inoue.  0  3-4 
Ismael,  J  0  III-6 
Iwata,  H  1-13 
Jacquin,  L  1-2 
Jeken,  B  11-10 
Jimenez,  J  28-1 
Jin,  J  1-17 
Jochum,  A  M  11-7 
Johansson.  B  30-1,  1-1 
Johansson,  T  C  5  1 
Johnston,  J  P  3-2 


Jones,  W  P  8-4 
■  lovanovic,  J  5-1 
Kaldelhs.  J  K  1-6 
Kaltenbach,  H  -J  12-4 
Karlsson,  R  I  26-3 
Karniadakis,  G  E  15-2 
Karvinen,  R  25-4 
Kasagi,  N  27-2,  28-3,  11-11 
Kawall,  J  G  25-1,  28-2 
Kawamura.  H  26-4 
Keffer,  J  F  25-1,  28-2 
Kigawa,  H  24-5 
Kikkawa,  S  14-1 
Kikuyama,  K  11-12 
Kim,  J  5-3,  5-5 
Kimura.  M  lli-8 
Kinoshita,  R  11-13 
Kirimov,  A  E  11-5 
Kitoh,  0  1-13 
Kivotides.  D  111-12 
Kleiser,  L  26-1 
Klepikov,  I  N  11-14 
Knittel,  G  17-5 
Kobayashi,  T  20-4 
Kollmann.  W  22-1,  III-5 
Krause,  E  1-7 
Krettenaue",  K  19-5 
Kushida,  T.  17-4,  1-14 
Kuwahara,  K  14-5 
Kuznetsov,  V  R  1-8 
Lofdahl,  L  30-1,  1-1 
Loffler,  F  111-15 
Lacas,  F  III-4 
Lai.  Y  G  1-9 
Larousse,  A  14-4 
Larsen,  P  S  13-3 
Launder,  B.  E  8-5,  24-3.  29-1 
Laurence,  D  20-3 
Laws.  E  M  1-10 
LaRue,  J  C  1-16,  III-3 
Lebret,  Y  29-4 
Lee.  M  J.  5-3 
Lee,  S  J.  III-9 
Leschziner,  M  A  10-3,  20-5 
Les.eur,  M  15-5,  30-2 
Leuchter,  0  16-3 
Liandrat,  J  18-5 
Lien,  F  S  20-5 
Lilek,  Z  13-2 
Lin,  A  29-5 
Lindstedt  R  P  22-5 
Littell,  H  S  30-4 
Longo,  J  M  A  13-4 
Low,  M  S  25-1 
Lund,  E  G  8-1 
M6tais,  0  30-2 
Maeda,  T  11-12 
Maestri,  R  D.  11-2 
Magnaudet,  J  11-5 


Mahn.  L  12- 1 
Makita,  H  2-2 
Mansour,  N  N  1-1,  21-3 
Mao.  Z  11-1 
Martin,  J  E.  6-3 
Martmuzzi,  R  14-4 
Mason,  P  J  1-4,  19-2 
Matsson,  0  J,  E  18-2 
Matsumura,  M  28-2 
Maupu,  V  20-3 
McCluskey,  F  9-5 
McComb,  W  D  1-11 
McGuirk,  J  J  13-1 
Mehta,  R  D  3-2 
Meiburg,  E  6-3 
Melander,  M  V  15-4,  26-5 
Metcalfe,  R  W  3-5 
Michard,  M  30-5 
Mironov.  D  V  11-20 
Mitra.  N  K  17-2,  17-3 
Miyata,  M  1-14 
Mochida,  A  17-1 
Moeng,  C  H  1-4 
Mom,  P  5-2,  5-4 
Moiseev,  S  S  11-14 
Moon,  H  J  22-3 
Moreira,  A  L  M  31-5 
Monkawa,  K  1-12 
Monnishi.  Y  20-4 
Morrison,  J  F  2-1 
Moser,  R  D  5-2 
Motohashi,  T  14-5 
Mungal.  M  G  6-1 
Murakami,  S  17-1 
Musschenga,  E  E  24-1 
Myong,  H  K  111-10 
Muller.  R  H  G  4-1 
Nadarajah,  S  13-2 
Nagano,  Y  z-3 
Nagano,  Y  24-4 
Nagano,  Y  29-3 
Nakabayashi,  K  1-13 
Nakamura.  I  17-4,  25-3,  1-14 
Na,aso,  K  14-3 
Nakayama,  A  9  3 
Naot,  D  lll-il 
Nasseri,  M  4-4 
Nejad,  A  S  111-19 
Neumann,  P  7-2 
Neves,  J  C  5-2 
Neves,  M  J  V  27-4 
Nieuwsladt,  F  T  M  1-4.  ||-1 
Nilsen,  P  J  30-1 
Nishibori,  K  11-12 
Nishino,  K  28-3 
Nitsche,  W  4-4,  4-5 
Nogues,  P  1-2 
Noimand,  X  15-5 
Noriis,  A  T  31-2 
Oberlack,  M  III-12 


Ohtsubo,  Y  11-11 
Okamoto,  S  14-1,  14-3 
Ono.  K  14-5,  III  8 
Onuma,  S  3-4 
Oran,  E  S  23-4 
Orlandi,  P  28-1 
Pailhas,  G  18-4 
Panton,  R  L  I-15 
Papamoschou,  D  21-5 
Parokh,  D  E  11-15 
Park,  K  -H  3-5 
Parr.  P  31-4 
Pereira,  J  C  F  17-5 
Peric.  M  13-2 
Peters,  N  111-12 
Pethkar,  J  S  11-17 
Pianese.  C  11-16 
Picart,  A  22-3 
Piquet,  J  26-2 
Planche,  0  H  21-1 
Plesniak,  M  W  3-2 
Poinsot,  T  III-4 
Pokrovskaya,  I  V  11-14 
Pope,  S  B  31-2 
Popiel,  C  0  III-13 
Poplavskaia.  T  V  1-7 
Praskovsky,  A  A  1-8 
Pulvin,  P  11-15 
Queyron,  J  1 1-5 
Radespiel,  R  13-4 
Rahai,  H  R  9-3,  1-16,  III-3 
Raman.  G  6-2 
Ramapr  an,  B  R  9-2 
Ramirez-Leon.  H  22-2 
Ravisankar.  M  S  111-14 
Reeder,  M  F  23-3,  25-5 
Rempfer,  D  18-3 
Renken,  F  4-5 
Reshotko,  E  6-2 
Rey,  C  22-2 

Reynolds,  W  C,  1-1,  21-1 
Rice,  E  J  6-2 
Rida,  S  11-4 
Riehle,  C  111-15 
Riva.  R  15-3 
Roberts,  W  1-11 
Robinson,  D  I  111-13 
Rocha,  J  M  P  17-5 
Rodi.  W  20-1,  26-5 
Rubinsky,  B  16-2 
Olcmen,  S  M  9-4 
Saareninne,  P  25-4 
Sabcinikov,  V.  A  31-1,  1-8 
Salma,  A  III-8 
Sakthitharan,  V  22-5 
Samimy,  M  23-3,  25-5 
Sandham,  N  D  18-1 
Sapin,  S  23-1 
Sarazin.  M  12-J 
Sarh,  B  6-4 


% 


XIX 


Sarkar,  S  21-2 

Sassa,  K  2-2 

Schadow.  K  C  31  4 

Scheurer.  G  26-5 

Schuler.  C  A  16-2 

Schumann,  U  1-4,  12-4,  19-5,  il  7 

Sebag,  S  20-3 

Seetharamu,  K  N  111-14 

Selvam,  A  M  11-17 

Senda,  M  14-1 

Sendstad,  0  5-4 

Shabbir,  A.  27-1 

Shao,  L  30-5 

Sharkov,  E  A  11-14 

Sharma,  G  9-1 

Shen,  G.  X  1-17 

Shikazono,  N  27-2 

Shima,  N  8-2 

Shizawa,  T  1-10 

Sholapurkar,  S  M  11-17 

Sinionin,  0  7-4,  10-1 

Simpson,  R  L  9-4 

Sini,  J  -F  22-2 

So.  R  M  C  1-9 

Sondergaard,  R  i6-1 

Sorensen,  J  N  13-3 

Soria,  J  16-1 

Stapountzis,  H  11-18 

Staquet,  C  12-3 

Slarner,  S  H  1-3,  31-3 

Su,  M  D  11-19 

Suenaga,  K  1-19 

Sullivan,  P  23-1 

Suzuki,  H  24-5 

Suzuki,  K  24-5 

Svensson,  U  26-3 

Tagawa,  M  2-3,  24  4,  29-3 

Tamura,  T  14-5 

Tardu,  S  11-2,  11-6 

Tavoularis,  S  30-3 

Thole,  K  A  27-5 

Thomson,  D  J  19-2 

Tindal,  M  J  13-2,  III-7 

Tinoco,  H  26-3 

Tomita,  Y  11-11 

Triantafyllou,  G  S  15-2 

Tropes,  vj  14-4 

Truesdell,  G  C.  7-3 

Tsai,  >  P,  3-3 

Tselepidakis,  D  P  29-1 

Tsiiji,  T  2-3,  24-4,  29-3 

Turner,  J  T  111-13 

Uenn,  T  4-2,  11-13 

Ukeiley,,  L  25-2 

Umhauer,  H  7-2 

Unger,  F  19-3 

Uni,  H  9-3 

Ulami,  T  4-2,  II  13 

Vandromme,  D  29  4 

Vasic.  S.  Ill-lh 


Vetiutsky,  V  N  1-7 
Veynante,  D  III-4 
Vmberg,  A  A  10-2 
Vuillermoz,  P  23-4 
Waleffe,,  F  5-5 
Watkins,  A  P.  III-7 
Watt,  A  G  1-11 
Weiser,  N  4-5 
Weng,  W  S  12-2 
Wangle,  H  19-4 
Werner,  H  19-4 
Werlgeim,  I  I  11-3 
Whan-Tong,  J  27-5 
Wick,  D  25-2 
Willia'fison,  C  H  K  15-1 
Woifshtein.  M  III-1 
Yamada,  H  17-4,  25-3 
Yamaguchi,  T  l-1'i 
Yamamoto,  M  1-18,  ill-17 
Yamashita,  S  17-4,  25-3 
Yanase,  S  30-2 
Yano,  H  25-3 
Yeru,  R  23-1 
Yeung,  P  K  16  4 
Yianneskis,  M  13-2,  III-7 
Yoda,  M  6-1 
Yoshida,  H  1-19 
Zaichik,  L  I  10-2 
Zaman,  K  B  M  Q  25-5 
Zamany,  J  13-3 
Zemach,  C  29-1 
Zeman,  0  21-4 
Zhang,  H  S  I  9,  1-20 
Zhao.  P  1-20 
Zhdanov,,  V  L  111-18 
Zheng,  Y  9-2 
Zhou,  Q  10-3 
Zhu,  J  X  17-2,  17-3 
Zililinkevich,  S  S  11-20 


EIGHTH  SYMPOSIUM  ON 
TURBULENT  SHEAR  FLOWS 
Teclinical  Univer';ity  of  Munich 
September  9- 1 1,  1991 

COMPRESSIBILITY  EFFECTS  ON  THE  GROWTH  AND  STRUCTURE 
OF  HOMOGENEOUS  TURBULENT  SHEAR  FLOW 

G  A  Blaisdi'll*.  \Y  C  N  N  Mansour'^ 

'  School  of  Arionaiitirs  and  Astioiiaittic^,  Piirdiic  Uiiuersitj 
Wr^l  Ufaytlc,  IN  47907.  USA 
^  Dcpaitnient  of  Mirhaiiical  Eiigineoimg,  Stanford  UmverMty 
Staiifoul,  CA  94305.  USA 
NASA  Amos  Rosoaroh  Center 
Moffett  Field,  CA  94035,  USA 


ABSTRACT 

Diiect  numenral  smiiilations  of  eompresstble  liomot'e- 
neoiis  turbulent  shear  ffmv  ate  iiMal  to  pioride  mxifhl  info 
eompiessihihtj  effects  on  liiilmlence,  The  siimdations  show 
a  redurtton  in  the  growth  rate  of  the  turhnlence  compared 
to  the  inrompres,sil)le  case  Examinaliou  of  the  turbulent 
kinetic  energy  budget  shows  that  the  reduced  growth  rate  is 
due  to  an  increase  m  tiie  dissipation  rate  due  to  the  diver¬ 
gence  of  the  velocity  and  to  th,'  pressure-dilatation  correla¬ 
tion  .vhich  acts  to  traiisfei  eiieig;  brtweeii  internal  energy 
and  kinetic  energy  The  stmctuie  of  the  turbulence  is  also 
examined.  I'lsuaiwations  of  the  flow  fields  reveal  the  pres¬ 
ence  of  eddv  shocklets  Tiiese  shock  stmctmi's  are  impor¬ 
tant  contributors  to  the  increased  dissipation  of  compressible 
turbulence  A  inecliamsin  foi  tlw  geneialion  of  the  shocks  is 
suggested 


INTRODUCTION 

The  renewed  interest  in  hypersonic  flight  has  fostered  a 
need  to  increase  our  understanding  of  tnrbtdeiice  in  high 
Mach  number  flows  Tlie  objective  of  this  work  is  to  aid  the 
development  of  turbulence  models  for  compressible  flows  by 
using  direct  numerical  simulations  (DNSi  of  compressible 
liomogeneous  turbulence  The  present  study  focuses  on  ho¬ 
mogeneous  shear  flow  Tlie  growth  rate  of  the  turbulence  is 
examined  by  analyring  the  budget  for  the  luibttlcnt  kinetic 
energy  (THE)  In  addition,  physiral  insight  into  compress¬ 
ible  turbulence  is  gamed  by  examining  flow  visualizatioius 
The  probability  density  function  (PDF)  of  the  divergence 
of  velocity  i.s  considered  m  oirler  to  lietter  miderstand  coin- 
preiisibihty  effects  on  the  disM|iationialeof  tmbuleiit  kinetic 
energy 

Our  understanding  of  compressihle  Inibnleiice  is  veiy  Inn- 
tied  111  comparison  to  w  hat  is  known  of  nicomptessilile  turbu¬ 
lence  Expi  rnnenfs  involving  compressible  turbulenee  suffer 
from  a  lack  of  adequate  facilities  and  mstinmeiitatioii;  the¬ 
oretical  studies  are  made  nioie  rliffictllt  because  the  velocity 
field  is  no  longer  divergence  fiee,  ,inil  heeause  more  flow  i-ari- 
ahles  ate  involved,  and,  finally,  numenral  siiiiiitations  have 
only  lecciitly  been  used  to  mvestigale  rompressil  |e  turbu¬ 
lence  Overall,  the  physics  of  tnrbnlence  in  compressible 
flows  IS  more  complicated  than  that  m  mi  ompiessible  flows 

The  first  published  lesnlts  of  nmneinai  simulations  of 
compressible  tuifmleiice  iieie  those  of  Feieieiseii  e(  al 
(1981ab)  They  studied  hoinogeneous  shear  flow  at 
rm,s  ,Vfach  numbers  up  to  0  32  using  direct  niinierical  smi- 
nlations  with  64'^  grid  pomi.  Then  simniatums  did  not 
extend  fat  enough  m  time  to  exaimne  effects  of  roinpiess- 
ibility  on  the  giowlh  of  the  lnilinlei.ee,  howevci,  they  were 
able  to  see  some  effects  of  comiiiessibihty  on  the  striieture 
ofthe  Reynolds  stresses  and  the  pir.ssme  ,strani  terms  in  the 
Reynolds  stress  budgets  Ho.nmgeneons  ,liem  flow  was  also 
considered  by  Delorme  11985)  nsmg  large  eddy  simnlatton 
fLES)  Eilpbac)ier  ct  al  (1987)  studied  decaying  isotropic 


luibldenrc  and  mvestlgatnl  snh-glid  scale  models  fcii  LES, 
but  they  did  not  sec-  stgmfiraut  c  ompiescibihty  effects 

Major  progres.s  m  the  snimlntion  of  eoinpic-ssible  tnibu- 
Ictice  was  achieved  liy  Passot  i;  Poncinet  (1987)  They  pei- 
formed  2-d  DNS  of  decaying  isotropic  tnibulenee  for  rm,c 
Maeii  numla-rs  up  to  1  65  using  a  256^  grid  and  were  able 
to  show  strong  coniprc.ssihilify  efferts,  mclndmg  the  forma¬ 
tion  of  eddy  shorklets  Following  this  work  there  have 
been  numerous  iiuestigations  of  coinpiessible  i.sotroptc  tur¬ 
bulenee  using  DNS  (Passot  ft  al  1988,  Satkar  rt  at  1989,  Er- 
lebaeheretal  1990,  Eilcbachci  1990,  Siaioselsky  rl  ol  1990. 
Dahlburg  ef  al  1000.  Lee  rt  at  1991)  These  simulations 
have  been  used  to  show  the  effect  of  nntial  conditions,  mves- 
tigate  the  effect  of  compic-ssilidity  on  the  velocity  spectrum, 
and  study  the  fotniatioii  of  eddy  shocklets 

The  above  simulations  ate  of  isottojiic  tuihulcmce  Ho 
mogenc»ous  shear  flow  has  iH-en  reconsidered  only  recently 
(Dlaisdeil  ft  al  1991  and  Sarkat  ft  al  1991)  There  are 
several  reasons  for  studying  homogeneous  shcai  flow  Coni- 
pressibility  effects  Imu  out  to  he  less  dejieudent  on  initial 
eonditioius  than  for  isotropic  tmliulence  The  rmc  .Mach 
number  m  hoinogeneous  shem  flow  mriea.ses  in  time,  so 
ccimpressibihly  effects  become  strongei  ns  the  flow  dciel- 
ops,  whereas  in  decaying  isoliopir  inrlmleiiee  the  rm,i  Mach 
number  decreases.  .Also,  homoget.eous  shear  flow  is  a  natural 
extension  m  eoiiiplexity  ovc-r  jsotiopie  tmlmleuce 

The  simulations  cieseribed  below  me  from  Blnisdell  et 
al  (1991)  and  we.-e  selected  to  show  specifically  the  effect  of 
compiossibiltty  on  the  growth  tale  of  the  tnibiileiit  kinetic 
energy  and  to  examine  the  flow  stinctmr 


DESCRIPTION  OF  THE  SIMULATIONS 

In  the  current  wolk,  the  time  dependent  compressible 
Navier-Stokes  equations  ate  solved  using  a  pseudo-spectral 
Fourier  methcxl  with  a  thud  older  Rvinge-Kutta  time  ad¬ 
vancement  scheme  A  mean  miiform  shear  is  imposed  m  the 
12  direction,  and  a  coordinate  transforniatjon  developed  by 
Rogallo  (1981)  allows  the  use  of  jieriochc  boundary  condi¬ 
tions  Details  of  the  nn.noninl  method  ate  given  in  Blalsdell 
etttl  (1991) 

Results  from  two  compressihle  snnulations  are  presented 
The  first,  designated  shal92,  nse.s  192''  gild  points  and  ex¬ 
tends  to  a  nondiinensional  time  St  =  24.  where  S  -  du\jda2 
is  the  shear  rate,  ti,  is  the  velocity  m  the  .r,  direction  and 
tilde  denotes  a  Favie  avetage  Tins  snimlation  is  used  to 
eomjiare  the  growth  late  of  the  tuilmlence  to  that  fioni 
the  mecimpressiblesmmlatimi  lesnlts  of  Rogers  rl  al  (1986) 
The  second  ennipressible  slnmlalion  is  called  srbl92  This 
simulation  is  a  refinement  of  a  DO"  simulation  (8cb96)  It 
ha.s  a  smaller  computational  doinam  relative  to  the  integral 
length  arale  of  the  tmliulenre  than  shRl92  and.  theiefoie 
htus  Snci  lesolution.  Tlie  principal  use  of  this  simulation  is 
for  examining  the  phy.sieal  stiurtme  of  eompiessilile  turbu¬ 
lence 


The  initial  fieUls  are  isottopic  and  «,.'neinted  from  ran* 
doni  Fourier  ccx'fficients  with  a  Kpecified  power  spectrum 
The  length  scale  uped  to  nondiinensumali'p  the  problem  is 
chosen  such  that  the  uondiiueusional  ph\Mcal  domain  foi 
l)oth  simulations  is  of  si7r  47r  x  x  2jr  The  stmulatuuis 
use  an  initial  box-hke  spectrum  with  flurtufttioas  lying  ju  a 
given  wavenumber  band  Foi  shalOi  the  w'avenumber  band 
IS  1C  <  A'  <  32.  while  foi  scbOC  it  is  S  <  A  <  IC  Int.ially  the 
density  and  temperature  fields  aio  unifoim  For  eompress- 
ible  flow,  the  velocity  can  bo  split  into  a  solenoidal  part, 
which  IS  divergence  flee,  and  a  dilatationnl  pait,  which  has 
zero  curl  The  initial  fields  of  botli  simulations  have  no  di- 
Irtational  velocity  Howev  ei  the  HinmlaMons  quickly  develop 
fluctuations  m  the  drnsitj.  tempeiatuie  and  dila^aticiial  \e- 
lodtj  The  mitinl  ruM  Ma<  h  tmmi>ei  foi  shal92  is  0  4  and 
tl'.at  fill  schOG  IS  0  3 

Homogeneous  slieai  flow  also  depemls  on  th**  initial  -.hen^^ 
rate  and  Heynolds  nunibn  A  phjMc.dU  meaningful  sheai 
rate  is  give-j  by  5*  =  pSq^/i,  which  has  an  mtial  \'alue  of 
5  0  A  Heyuviids  nuinbei  lelevnut  tf>  tjie  tuibulence  is  given 
as  Fit  j'  —  winch  was  an  initial  \Hhie  of  200  q 

is  the  turbulent  veleeity  scale,  wiieie  ^ 

IS  the  dissipation  late  of  tmbuleut  kinetic  euergv  per  unit 
volume  An  oveibai  is  used  to  deiuite  a  volume  avciagc 
Simulation  scbl92  lieguis  with  a  lefineinent  of  the  field  from 
sebOG  at  Si  =  10  and  extends  to  St  12  Its  intended 
use  was  to  tcsi  im  «,'cuiav »  of  statistics  ealculated  fioin  the 
simulations,  howevei,  it  also  pi  ovules  the  best  lesolvecl  fields 
of  any  of  the  simulations  lopoited  m  Dlnisdell  ct  al.  (1991) 
and  piovide.s  the  best  flow*  Msuah/atunis 


growth  rate  Wh,**!!  the  tuibulent  kinetic  eneigy  equation  is 
scaled  by  the  sheai  rate  and  I,  the  lesulfing  equation  is 
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GROWTH  RATES  IN  COMPRESSIBLE 
HOMOGENEOUS  SHEAR  FLOW 

Experiments  and  simulations  of  incompressible  homoge¬ 
neous  shear  flow  show  that  tlie  tuibulent  kinetic  energy, 

A  =  pti^u"/2,  grows  exponentially  in  time  Fig  1  compares 
the  growth  of  the  turbulent  kinetic  energy  from  simulation 
shal92  to  that  from  the  mcompiossiblc  simulations  C128V 
and  C128W  performed  by  Rogers  et  al.  (1980)  While  the 
growth  rate  of  the  two  ujcompressibh*  simulations  are  com¬ 
parable,  the  growth  late  of  the  compressible  simulation  is 
clearly  reduced  compaied  to  the  incompressible  simulations 
The  development  of  the  turbulent  Reynolds  number  and  the 
nondimensional  shear  rate  foi  the  three  simulations  is  shown 
in  Fig,  2  The  values  of  Uff  and  5*  of  the  compre-jsiblc  sim¬ 
ulation  are  compaialile*  t<J  those  of  the  two  incompressible 
simulMtions  Therefore,  the  leductum  m  the  growth  rate  of 
the  turbulent  kinetic  energy  shown  m  Fig  1  is  due  to  the 
compressibility  of  the  flow  lathei  than  othci  effects. 

The  tuibulent  kinetic  eneigy  equation  is  examined  m  or¬ 
der  to  deteimme  which  teims  are  lesponsible  for  the  reduceil 


Fig  1  Evolution  of  the  turbulent  kinetic  energy  in  the 
compressible  simulation  shal92, - ,  and  the  two  incom¬ 
pressible  simulations  CT28V, - .  and  C128W,  — — 


The  reason  for  using  thi-’  hi  elmg  is  that  a  constant  light  haiul 
side(RHS}  in  Eq  ( 1)  indicates oponential  growth  Thefirst 


Fig  2.  Comparison  ol  (a)  the  turbulent  Reynolds  number 
and  (b)  the  nondimensional  shear  rate  for  shal92  and  the 
incompressible  simulations  of  Rogers  et  al.  (1986)  (j'128V. 
□  ,,  C128W,  O,,  shal92,  A 
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tf^rin  on  the  RHS  is  tlw  piodurtion  trim  Thr  strond  ik  tlir 
solenoidal  dissipntitm  intr.  which  is  thr  samrfls  thr  dissi- 
j)Htion  rate  in  inronipirssihlr  tuihulrnrr  Ft>r  homogrnrous 
turhitlrnrr.  thr  solrnoidnl  dissipation  latr  is  pioportional 
to  thr  rnstropln  and  ran  hr  winirn  as 
whrrr  is  (hr  \oilintj  Thr  thud  triiu,  is  thr  di 
latatioiial  dissipation  intr  It  is  piopoitioiial  to  thr  mrnn 
squared  flurtuating  flilatation  (dixrigt'iirr  of  \rlorit\)  and 
only  orrurs  in  romprrssililr  fljiws.  Thr  fourth  term  is  thr 
prrssurr-dilatation  correlation  and  is  also  only  present  for 
roinprrssiblr  turltuirnrr  This  trim  is  it'sponsihlr  foi  the  rx- 
rhangr  of  kinetic  and  internal  rnrigj*  th.ough  thr  reversible 
work  mode  Thr  last  two  trims  on  thr  RHS  air  rorirlatioiis 
invobing  finctuafioiis  of  ,\is(osif\  (wlmh  is  iriiipriatiiir  dr- 
prndrnt )  Thr  snnulatKuis  show  that  thrs<*  two  trims  ai< 
nrghglblr  For  iin  ompi<'ssjblr  flow .  onb  thr  fiist  two  trims 
on  thr  RHS  air  pirsrnt 

Thr  scaled  TKE  rtpiation  foi  shal92  is  rompaied  to  that 
foi  thr  incompressible  smmlafions  in  Fig  3  The  RHS  of  thr 
scaled  TKE  equation  fni  racli  of  the  three  simulations  dcM*s 
leaeh  an  appioximatclyeonstant  \'alue.  implying exiKineiitial 
growth.  Tlie  growth  late  foi  Cl28\'  is  less  than  that  f<u 
C128W  mainly  becHuse  of  a  sinallei  jnoduetion  (eiin  Thr 
RHS  for  thr  comprevssiblr  smiulatjoii  is  rediice<!  eoinparrd 
to  both  of  the  incoinpirssiblr  simulattoiia  We  air  now  m  a 
])os]tion  to  deternnne  \*hich  of  thr  trims  m  the  sealed  TKE 
equation  aic  responsible  foi  the  ledueed  giowth  late  of  tin* 
comiiressible  simulation 

The  product!'  itrm  foi  slial92  is  close  to  that  for  C128V, 
which  13  less  than  that  for  C128W  The  reason  for  the  differ¬ 
ence  in  the  results  for  the  two  incompressible  simulations  is 
(he  low  Reynolds  number  of  simulation  C128V.  Because  of 
the  difference  in  the  incompressible  simulation  results,  one 
cannot  deduce  if  the  production  term  for  8hal92  is  reduced 
because  of  compressibility  effects  or  because  of  low  Reynolds 
number  effects  In  order  to  make  any  statements  about  com¬ 
pressibility  effects  on  the  production  term,  compressible  sim¬ 
ulations  at  higher  ReynoM.s  numlicrs  aie  needed 

The  solenoidal  dissipation  term  ha*  similar  values  to 
(lie  dissipation  term  from  (lie  inc<»mpressible  simulations 
This  result  confirms  tlie  modeling  assumptions  of  Sarkar  el 
al  ,(1989)  and  Zeiuan  (lOOfla)  that  the  solenoidal  dissipa 
tion  late  could  lie  nio<lrled  m  the  same  way  as  the  dissipa¬ 
tion  late  m  inconipiessdile  flow's  The  mam  reason  the  RHS 
is  reduced  foi  the  compressible  simulation  is  the  presence 
of  the  additional  terms  in  the  TKE  equation  The  dilata- 
tional  dissipation  latc  is  about  10%  of  the  solenoidal  dissi¬ 
pation  rate  and  is  an  even  more  significant  fraction  of  the 
RHS  The  second  compressible  trim  in  the  TKE  balance  is 
the  piessuie-dilatHtioii  term  It  oscillates  eoiiKiderably  but 


Fig  3  Comparison  of  the  scaled  turbulent  kinetic  eneigy 
budget  for  shal92  and  fbr  fneonijne‘?jbIe*umulation'.ClCSV 
and  C128W  Simulation  slinl92  (sjmbols)  extends  to  $t  = 
24,  C128V  to  Si  =  20,  and  CT28W  to  St  =  28.  ProH, 
production  term.  RHS,  light  hand  side,  Dt.nti.  dissipation 
trim 


IS  roughly  of  tlu’  snuie  magnitude  a-,  the  mlatatiwn  dissipa 
tion  rate  and  also  acts  to  icjliue  tlie  RHS  The  two  terms 
involving  '•orrelations  of  fluituatmg  \iH(osif\  me  essentiallj 
zero  anti  can  be  negh'cttd  Thu*  wi*  sr'('  tliat  jt  is  ))(jtii  the 
solenoidal  tlissipuhon  rate  ,itid  tlie  pii'ssun’  dilatafnm  roiie 
lation  w’hieh  ntt  to  ie«lu< e  tin-  giow  th  i  .ui  of  tli<’  tu: liuieii'  r 
111  compressible  boinog«'neous  sbeai  How 

Models  for  the  dilatation  dissipation  late  have  het'ii  prt» 
posiul  by  Sarkar  rt  al  (1980)  and  Zenif.n  (lOOOnb).  The 
simulations  of  Blaisdell  r/ (j/  ( 1901 )  anti  Sai  kai  rial  (1991) 
show  that  the  model  of  Saikai  peifomis  Nei>  well  at  low 
to  moderate  roi.t  Mach  nunilicis.  while  the  model  of  Zemnn 
does  not  scale  coriertly  with  rm.«  Mach  number  A  model 
for  the  presmire-ddntntion  loindatioji  has  been  suggested  b\ 
Zemaii  (1900b)  The  smmlafions  of  Rhusdell  rf  nl  slniw’fhat 
tlie  basic  assump  ions  and  sialmg  «>f  tins  motlcl  me  toriect 
at  low  t<»  iiiodeinte  rmt  Mai  h  iiunibem  \(  higliei  rvif  Mach 
numbers.  In  wevei,  tin*  simuiatjon  lesults  -.In  w  some  depai 
ture  from  all  of  these  unnlels 

It  IS  cleat  fioiu  the  ,dio\e  lesulfs  (hat  tin  dilatation  dissi 
pation  late  is  mipoitant  to  the  ihuelopmeiit  of  lompiessjble 
turbulence  Insight  mfo  the  leason  foi  the  incieased  dissipa¬ 
tion  rate  m  coinpiessilili*  tmbuh’iice  js  fouinl  1)\  (•vamming 
the  structure  of  the  tuibnlence 

STRUCTURE  OF  COMPRESSIBLE 
TURBULENT  SHEAR  FLOW 

Flow  visualization  of  the  tmbuleine  stiuctuie  is  a  \ei\ 
useful  tool  for  increasing  oni  phyMcal  nndeistanding  of  tin- 
bulence  To  reveal  coinjiiessible  stiucturcs.  wo  examine  the 
<livergence  of  the  velocity  and  the  )>irs«ure  Tin*  How  fields 
shown  are  from  simulations  s(bl92  at  St  s.  12  and  s1ih102 
at  Si  =  24 

Fig  4  shows  contours  of  jiressme  m  an  plane  from 
scbl02.  XI  18  the  stieamwise  dnection  and  is  the  direc* 


1 1 


Fig  4.  X]-X2  plane  of  pressure  contours  in  scbl92  at  St  = 
12  Dark  shading  is  high  pressure  and  light  shading  is  low 
pressure 


Fig  5.  Close  up  view  of  center  portion  of  Fig.  4  showing 
perturbation  velocity  vectors 


tion  of  the  nu’nn  sIjphi  Dnlj  a  poitiou  of  thr  plnnr  is  shown, 
and  Mir  cixiidinatrs  <iii  th<‘  figuir  nir  chosen  such  that  tlir 
pomt  with  tlir  niminnuii  vnhir  of  the  dilatation  m  the  m- 
tire  flow  field  lies  in  the  middle  of  the  figure  This  point 
occurs  m  a  tegion  with  a  st«s'j>  piessure  gradient  A  close-up 
view  of  this  region  sluiwing  pertmhatioii  velocity  \rctors  is 
piesented  in  Fig  5  There  is  a  <lownward  streaming  motion 
through  a  low  pressure  region  which  suddenly  changes  di¬ 
rectum  at  the  location  of  the  steep  piessure  gradient.  The 
resulting  structure  appears  to  he  an  oblique  shock  embed¬ 
ded  m  the  turbulence  Edd\  shocklets  are  important  for 
compressible  flow  liecause  they  ha\e  a  large  dilatation  dissi¬ 
pation,  which  is  partially  responsible  for  the  re<luced  growth 
rate  of  compressible  turbulence  The  rontnhntion  of  strong 
compressions  to  the  dilatation  <lissij)ution  is  ronsi<leie<l  m 
more  detail  in  the  next  section 

Fig  6  shows  the  spaiivvise  i  plane  that  passes 

through  the  pomt  of  minimum  dilatation  Thciegioiiof  high 
pressure  with  the  steep  pn'ssine  gtadieiit  re\eals  the  location 
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Fig  6  plane  of  pressme  contours  in  8cbl92  at  5' ~ 

i2  Dark  shading  is  high  pressure  and  light  shading  is  low 
pressure 


Fig  7  X2-r3  plane  of  streamwiso  vorticity  with  velocity 

vectors  overlaid  in  scbl92  at  St  =  12.  Light  8ha<hng  is  posi¬ 
tive  u?!  ”nd  darker  sliading  is  negative  (Velocity  vectors 
are  shown  at  every  other  grid  point  ) 


of  the  shock  FVom  Figs  4  and  5  we  st'c  that  the  shock  is 
elongated  m  the  streainwise  dnection.  while  Fig  6  show’s 
that  it  is  rather  nairow  m  the  spanw’ise  diiection  Tluu.  the 
shock  IS  shaped  moie  like  a  iibbon  than  the  broad  she('t  that 
might  be  expected 

In  order  to  detcimme  how  the  shorkh'ts  arise  we  consider 
their  relationship  to  the  \orticaI  part  of  the  flow  field  The 
pressure  contours  presented  in  Fig  4  show  that  the  shock  is 
inclined  at  an  angle  of  about  20  degrees  to  the  direction  of 
the  mean  velocity  The  oliseried  beliavioi  is  suggestive  of 
typical  streamwiso  vortical  stiuctnies  in  shear  flows  How¬ 
ever, ^  it  should  be  pointed  out  that  the  \ortical  structures 
in  the  rnrreiit  siinulatious  lesemble  the  corrugated  vortex 


Fig  S  r2-i3  plane  of  pirssnie  m  shal92  at  St  =  24  Dark 
shading  is  high  piessmo  and  light  sliadmg  is  low  piessuie 
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Fig  9  X2-X3  plane  of  strainwise  \orlicitj  with  velocity 

vcctois  overlaid  m  shal92  at  St  -  24  Light  shadi.  is 
positive  wi  and  darkei  shading  is  iiegntiNeu;i. 
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shrets  spon  in  rnpidly  shrmotl  Inibiili'iirc  rntln-r  than  thp 
hairpin  vorticps  typiral  „f  hiylip,  ,„„nh„  shrar 

Fig  7  shmvs  ronloma  of  flip  •itrrnnwisp  vorljciti  m  (hr 
spanwisp  plnnp,  nith  vplociti  vprlois  ovprlaid,  Thprp  is  a 
contour  of  npgativp  sticainwisp  vortinty  and  a  coiuoui  of 

thp  shock  location  and  which  aip  aasociatpd  with  a  downwash 
the  shpM*^  * '*  •>>'■  direction  of 

f<»  'he  gpuerntion  of  the 
ahocka  swms  clpar  Thp  voi  lirily  erratea  a  motion  m  the  di¬ 
rection  of  he  shear,  Pitlipi  a  downwash  oi  an  iipwash,  which 
causes  high-sped  and  low-sped  Hind  to  come  into  contact 
tins  causes  a  conipre,ssion  winch  lesults  i„  »  shock 

anrf^o ■•‘HioiecleaiJy  sen  in  Figs  8 
and  0  which  show  contoiiis  of  presMire  and  w,,  reapelielv 
111  a  sspaiiwjsp  piano  from  snimiation  shHl92  at  Sf  :=  *>4  Hotr 

™c;ic,r  ™  of  ‘-r'eainwisP 

v-orticuy  The  shock  liCsS  jttsl  al)(»vc  tins  iipwasli.  whcK*  the 

velocity  vpctois  suddenly  ihaiigp  magmtndp  and  dirciion 
The  spatial  resolun.m  of  simulalioii  sha]!)2  is  not  as  cood 
that  of  SCI1I92,  The  siiock  shown  in  Fig,  S  and  TisX' 
strongest  in  the  entile  flow  field  and  lepiesenls  the  greatest 
teaolutnin  prob  eni  In  spite  of  the  lack  of  ^.,010,1^1, 

stilruefiil  '  '■■‘lula.ion  are 

The  mechanism  diacussid  above  is  not  the  onlv  plausible 
way  shocklcl,  i„„j  be  generate!  In  older  to  be  ce, tarn  of 
the  mechanism,  tile  teinpmal  evolution  of  the  eddy  shocklet 
would  have  to  be  evaimned  This  would  be  somewhat  diffi- 

shouhrr  "'I  *'’'1  "‘rr*  ''‘Watigalion 

should  provide  valufibh-  infoiumtiou 


Dhrwi«n«  of  Vtiodty 
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fhf  nr’obalnhtv''d','f '1"^'  ‘'‘'“r ddatatioii, 
shalM  a"  *  i  lo’'"'’"''"''  "■  '1‘C  dilatation,  f„. 


PROBABItITY  DENSITY  FUNCTIONS 

We  h«ves«.n  that  eddy  sbiieklets  form  compressible lio- 
mogcneoiis  shear  flow  These  stni.  tures  are  regions  of  large 
negyive  di  atation  and.  the.efoie,  have  large  values  of  tL 
local  dilatation  dissipation  late  However.  «,s  pointed  out  by 
Sarknr  (1991 ),  these  stiiictures  nre  also  highly  intermit¬ 
tent  Md  the  question  therefore  arises  ms  to  whether  eddy 
shocklets  contribute  significantly  l„  the  d.Intntion  dissipa- 
1011  rate.  An  indicatir.ri  of  how  much  of  the  flow  field  con- 

Zh  ^  1^'  "f  d'l-'lntion  and  the 

probability  distribution  function,  01  integiated  PDF.  These 
are  shown  in  Fig  10  for  simulation  shal92  at  St  =  10  From 
Hie  integrated  PDF .  one  can  find  out  how  nuich  of  the  flow 

atiw  dilatation  indicating  , ompicuiii)  However,,  piking 
.ppcific  va  tie  of  the  dilntatiuii  winch  represents  a  “strong 
compression”  is  at  best  iiibiiiaii 

d,ll’i?'!r'd'‘'"^“."'‘  "f  the 

1.1.  k  ''“■P''“on  rate  is  due  to  the  most  negative  di- 

be  '>"■  Since 

e  dilatation  dissipation  mte  proportional  to  the  mean 

can  *'»■  luiswer  to  this  question 

ran  be  found  by  examining  the  weighted  PDF  * 


and  probability  distiibiitmn  fiiiietioii 

rv,  _  /!k,d"^Fld")iid"- 
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The  dilatation  is  denoted  hv  d"  These  functions  are  plotted 
in  Fig  11  for  simulation  shal92  at  St  =  10  Examining  the 
weighted  PDF,  Vj!,,  we  see  that  most  of  the  dilatation  dis¬ 
sipation  is  due  to  negative  dilatations,  or  compressions,  but 
that  a  significant  amount  of  the  dissipation  also  comes  from 
low  level  positive  dilatation  This  is  also  seen  for  the  high 
resolution  simulation  scbl92  and,  therefore,  is  not  caused  by 
poor  resolution.  The  most  extreme  N'alues  of  the  dilatation 
occur  infrequently  and,  therefore,  have  a  negligible  contribu¬ 
tion  to  the  dilatation  dissipation,  while  the  moderate  values 
of  dilatation  contribute  significantly 

We  can  now  answer  the  question  of  how  much  of  the  di¬ 
latation  dissipation  rate  is  due  to  the  most  negative  dilata¬ 
tions  making  up  a  given  fraction  of  the  flow  field  FVoin  the 
integrated  PDF  of  the  dilatation  for  shal92  at  St  =  10,  we 
find  that  \%  of  the  flow  has  a  dilatation  more  negative  than 
-5  5  and  that  of  the  flow  has  a  dilatation  loss  than 
—2  0  The  probability  distiibution  function,  f^!,,  shows  that 

17%  of  the  dilatation  dissipation  rate  is  due  to  the  most 
compressive  dilatations  making  up  1%  of  the  flow  field  and 
that  58%  of  the  dilatation  dissipation  rate  is  due  to  the  most 
compressive  dilatations  making  up  10%  of  the  flow  The  cor¬ 
responding  percentages  of  the  dilatation  dissipation  late  aie 
23%  and  58%  for  slial92  at  St  =  24  Therefore,  we  see  that 
moderately  strong  negative  dilatations,  which  occupy  only 
a  small  portion  of  the  flow  field,  contiilmle  significantly  to 
the  dilatation  dissipation  rate,  although  they  arc  not  entirely 
responsible  fo"  the  dilatation  dissipation 


CONCLUSIONS 

We  have  used  direct  numerical  simulation  to  study  com¬ 
pressible  homogeneous  turbulent  shear  1  ow.  We  find  that 
the  growth  rate  of  the  turbulent  kinetic  energy  is  reduced 
compared  to  the  incompressible  case.  Examination  of  the 
turbulent  kinetic  energj*  budget  reveals  that  the  reduced 
growth  rate  is  due  to  the  dilatational  dissipation  rate  and 
the  pressure-dilatation  correlation  Visualizations  of  the  flow 
fields  show  the  existence  of  eddy  shocklets  These  structures 
are  important  because  of  their  contribution  to  the  increased 
dissipation  rate  of  compressible  turbulence  A  mechanism 
for  the  generation  of  eddy  shocklets  in  shear  flow  has  been 
suggest^  m  which  vortical  motions  transport  fluid  in  the 
direction  of  the  shear  The  lesulting  collision  of  high-speed 
and  low-speed  fluid  causes  a  <  iiipression  and  tlie  formation 
of  a  shock  wave 
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LDV  measurements  in  two  different 
turbulent  free  flows  Impacted  by  a  normal 
shock  wave  are  presented.  The  first  case  is 
a  quasi-homogeneous  grid  generated  flow  and 
the  second,  a  coaxial  jet.  These  two 
different  experiments  put  into  light 
various  aspects  of  the  physics  involved  in 
the  turbulence/shock  interaction. 

1.;  Introduction 

Supersonic  turbulent  flows  accelerated 
by  expansion  waves  or  decelerated  by 
compression  or  shock  waves  Involve 
different  types  of  comprsssible  effects. 
The  first  effect  is  related  to  a  rapid 
adaptation  of  turbulence  to  the  variation 
in  the  mean  density  of  the  flow.  For 
instance,  in  the  absence  of  density 
fluctuations,  an  axial  compression  for 
expansion)  amplifies  (or  lowers)  turbulence 
in  a  similar  way  as  an  axisymmetric 
incompressible  dilatation  or  contraction 
[!]•: 

The  other  effects  are  related  to  the 
compressible  nature  of  the  fluctuating 
field  Itself.  Small  fluctuations  of  the 
thermodynamic  variables,,  whose  effect  could 
be  neglected  in  equilli.l.ium  flows  (s.g.-  in 
flat  plats  supersonic  boundary  layers  at 
moderate  Mach  number) ,  may  constitute  non- 
negliglble  sources  of  turbulence  when  they 
are  coupled  with  large  mean  field 
g.adlonts.  Secondly,  considering  the  case 
of  an  interaction  with  a  shock  wave,  the 
perturbation  of  the  shock  by  Incoming 
turbulence  results  in  the  generation  of 
addltlonnal  temperature  and  acoustic 
fluctuations  which  can  interchange  energy 
with  the  fluctuating  velocity  field.  The 
great  majority  of  published  experimental 
results  in  this  field  concerns  the 
shock/boundary  layer  problem  which 
evidently  constitutes  a  crucial 
configuration  in  supersonic  and  transonic 
aerodynamics  (see  (2)  for  a  review); 
performance  of  airfoils.  Inlets  or  blade 
systems  is  partly  condltlonned  by  such 
interaction  phenomena. 

Concerning  future  supersonic 
combustion  systems,  while  it  is  now  wall 
admitted  that  affects  induced  by 
compressibility  inhibits  the  turbulent 
mixing,  one  could  taka  advantage  of  the 
shock  capability  to  enhance  turbulent 
mixing.  In  particular,  the  various  shocks 
which  characterize  the  Inviscld  structure 
of  non-adapted  jets  contribute  for  a  large 
part  to  the  mixing  properties  of  these 
flows.  Manipulation  of  supersonic  free 
flows  by  impinging  shocks  constitutes  an 


interesting  topic  for  combustion 
applications.  This  subject  has  motivated 
one  of  the  experiment  described  in  the 
present  paper.  Experiments  on  free 
flow/shock  interaction  are  scarce.  One  can 
cite  those  of  references  [3]  and  [4]  which 
will  be  evoked  in  the  core  of  this  paper. 

Modelling  of  the  interaction  regions 
escapes  the  basic  low  speed  turbulent 
models.-  The  direction  to  be  followed  to 
improve  these  models  has  not  been  clearly 
identified,  mainly  because  the  new  physics 
Involved  in  this  process  need  further 
clarifications  (see  e.g.  [5]). 

The  aim  of  our  study  is  precisely  to 
perform  new  experiments  on  the  shock/ 
turbulence  interaction  which  could  help  to 
scrutinize  the  physics  of  this  problem. 
These  experiments  have  been  conducted  in 
one  of  the  low  supersonic  continuous  wind 
tunnel  of  the  Fluid  Mechanics  Laboratory  at 
ONERA  Meudon.  The  results  presented  in  the 
paper  essentially  concern  mean  and 
fluctuating  velocities  obtained  with  a  two 
components  Laser  Doppler  Anemometric 
system . 

2..  Theoretical  preliminaries 

The  generation  of  thermal  and  acoustic 
fluctuations  and  the  amplification  of  the 
vorticity  fluctuations  resulting  from  the 
interaction  of  a  turbulent  fisld  with  a 
shock  wave  have  been  first  studied  by 
Ribner  [6].-  This  author  has  considered  the 
linear  response  of  the  flow  behind  a  shock 
which  is  perturbed  by  an  impinging  single 
shear  wave.-  Several  authors  have  then 
reformulated  and  completed  this  linear 
approach  (see  e.g.  [7]  for  a  review). 

A  second  candidate,  restricted  to  mean 
compression  (or  expansion)  effects,  is  the 
linear  analysis  of  an  homogeneous 
compressed  (or  expanded)  solenoldal 
turbulence,  the  so-called  Rapid  Distorslon 
Theory  (RDT)  {(1),  [8]). 

These  two  theories  are  of  very 
different  nature  and  the  similitudes 
between  them  are  not  straightforward.  The 
first  is  obviously  closar  to  the  physics  of 
the  problem  than  RDT.- 

In  a  recent  paper,  Lee  et  al.  [9], 
have  presented  results  obtained  by  using 
Direct  Numerical  simulation  (DNS) ,  RDT  and 
the  "Linear  Interaction  Analysis"  (LIA)  of 
Ribner.  They  have  applied  them  to  the  case 
of  an  incompressible  turbulence  passing 
through  a  straight  shock.  As  for  the  linear 
theories,  they  conclude  that  RDT  and  LIA 
lead  to  the  same  amplification  and 
anisotropy  for  moderate  shock  intensities 
(upstream  Mach  number  Ho<2).  The 
differences  observed  for  larger  shock 
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intensities  were  attributed  to  unsteadiness 
and  curvature  effects  of  the  shook  which 
are  not  taken  into  account  by  RDT.  These 
conclusions  may  be  misleading  as  they  mask 
the  very  different  nature  of  the  two 
theories. 

As  for  the  similarities  between  the 
two  approaches,  in  both  cases  the 
amplification  factors  are  fixed  by  the 
ratio  of  the  mean  densities  behind  and  in 
front  of  the  shock  (subscript  O) : 

C-P/Po  (1) 

Another  point  is  that  both  theories  lead  to 
the  same  transmission  laws  between  the 
incident  and  the  refracted  vorticlty  wave 
vectors.;  The  relation  reads  precisely: 

ki-CKj,  k2-K2,,  k3»K3.;  (2) 

K  and  k  denote  the  wave  numbers  ahead  and 
behind  the  shock,  and  subscript  1  refers  to 
the  direction  normal  to  the  shock.-  Thus  the 
spectral  dlstorsion  of  the  vorticity  field 
is  equivalent  in  the  two  theories.-  In 
particular,  the  compression  associated  with 
a  shock  (C>1)  Induces  a  shift  of  energy 
towards  large  wave  numbers. 

In  RDT,  C»exp{-Dt),  (3) 


where  0  denotes  the  mean  axial  velocity 
gradient  normal  to  the  shock,  D-dU/dx^.-  D 
must  be  spatially  invariant  for  the  flow  to 
be  considered  homogeneous.  Thus,  in  RDT, 
the  shock  effect  is  represented  by  a 
compression  (0<0)  acting  on  a  solenoidal 
homogeneous  turbulence  during  a  time  scale 
given  by  (3) .-  Using  for  example  the  general 
methodolo^  given  in  (8),  the  RDT  solution 
can  be  managed  analytically.  If  considering 
for  example  the  velocity  component  u  normal 
to  the  shock,  one  obtains 

72-  JJJ  U^j(15)[l+P((i)]2dlS  («) 


with  (I-K3/K,  and  where  u,,  (K)  la  the  first 
diagonal  component  of  ^e  second  order 
spectral  tensor.  The  form  given  above 
Introduces  a  directional  factor  P((i)  which 
reads: 


(l-c2)/i2 


P(S) 


l-(l-c2)/|2 


(5) 


P(S)  accounts  for  the  pressure  effect 
which  constrains  U< j (£)  to  remain  in  a 
plane  normal  to  £.  The  above  relations  show 
that  the  result  of  the  dlstorsion  strongly 
depends  on  the  initial  angular  distribution 
of  the  energy.  The  maximum  amplification 
concerns  the  wave  vectors  parallel  to  the 
shock  (K1-0) .  If  one  supposes  that  the 
initial  field  is  isotropic,  (4)  can  be 
easily  Integrated.  An  amplification  factor 
equal  to  c2  is  obtained  if  one  neglects 
pressure  effects  or  if  the  energy  is 
concentrated  in  wave  vectors  parallel  to 
the  shock  (fi-0) . 

When  a  shear  wave  Impacts  the  shock, 
it  is  transmitted  and  amplified,  but 
entropy  and  acoustic  modes  are  also 
generated.  RDT  does  not  account  for  these 
compressible  phenomena,  whereas  the  latter 
are  essential  in  LIA.  In  particular,  the 
amplification  of  the  impinging  shear  wave 
is  partly  controlled  by  the  perturbation  of 
the  shock  surface,  which  is  itself 
sensitive  to  the  generated  acoustic  field: 


as  shown  by  Ribner  [6],  for  particular 
orientations  of  the  upstream  mean  flow  and 
of  the  impinging  shear  wave,  the  shock 
oscillations  may  be  strongly  amplified  by 
downstream  acoustic  perturbations.  In  LIA, 
this  critical  regime  contributes  for  a 
large  part  to  the  shear  wave  amplification 
[6}.  Such  a  phenomenum  has  no  equivalent  in 
RDT  even  if,  as  we  said,  RDT  solutions  are 
also  very  sensitive  to  the  angular  spectral 
distribution  of  the  incident  turbulent 
field. 

On  the  whole,  the  anisotropic  aspects 
of  the  problem  seem  to  play  a  fundamental 
role  in  the  two  theories,  but  for  very 
different  physical  reasons.  The  integration 
of  the  individual  wave  contributions 
coupled  with  the  usual  isotropic  assumption 
for  the  incident  field  (see  e.g.  [7],  [9]), 
which  greatly  simplifies  the  analysis,  may 
mask  the  differences  between  various 
theoretical  app..'oaches . 

In  the  most  practical  applications 
(e.g.  boundary  layers),  the  incident  field 
is  anisotropic  and  the  above  mentlonned 
directional  aspects  may  be  of  fundamental 
importance  for  the  interpretation. 


The  first  experiment  aimed  at 
producing  a  very  basic  test  case:  an 
interaction  between  a  nearly  homogeneous 
turbulence  with  a  single  normal  shock. 

Figure  1  shows  a  schlleren  picture  of 
the  flow.  The  turbulence  comes  from  a  grid 
placed  in  the  entrance  section  of  a 
100x120x450  mm  straight  duct.  The  grid, 
whose  mesh  size  is  m-Omm,  serves  as  a  sonic 
throat  and  as  a  turbulence  generator,  at 
the  same  time.-  It  generates  a  Mach  1.7  flow 
with  low  but  measurable  turbulence 
fluctuations.. 


control 

Fig.  1  Schlie?.en  picture  of  the  grid  flow 

A  straight  shock  wave  was  controlled 
by  means  of  a  second  adjustable  throat 
located  downstream.  In  the  absence  of 
nozzle  profile,  the  stabilisation  of  the 
shock  has  been  difficult  to  realize.  After 
having  triad  different  systems,  we  have 
been  able  to  ensure  a  satisfactory  control 
of  the  shock  by  means  of  an  aspiration  of 
the  bottom  wall  boundary  layer  and  a  slight 
convergence  of  t.:e  channel. 

Figure  1  shows  that  the  flow  is 
perturbed  by  compression  waves  Issued  from 
the  grid.  These  waves  are  damped  downstream 
except  the  intense  waves  issued  from  the 
grid  sides.  The  convergence  of  the  upper 
wall  together  with  the  compression  wave 
effects  make  the  Mach  number  decreasing 
from  about  H-l.?  at  the  grid  level  down  to 
H-1.4  just  upstream  of  the  shock. 

The  axial  and  vertical  components  of 
the  mean  and  fluctuating  velocities  have 
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been  measured  by  LDV  on  a  fine  vertical 
mesh  in  the  center  of  the  duct  (y»0)  .•  The 
probing  mesh  size  is  (Ax,iz)-  (lOmm.Smm) 
upstream  and  downstream  of  the  shock,  and 
(Ax,4z)«(2mm,Smm)  at  the  level  of  the 
shock.  Incense  smoke  particles  were  used  to 
seed  the  flow.-  Each  velocity  value 
corresponds  to  a  sample  of  2000 
instantaneous  values.  Soma  corrections  have 
been  tested  in  order  to  minimize  the 
various  usual  bias  errors.  They  have  been 
found  to  be  negligible.  Another  source  of 
errors  is  related  to  the  response  of  the 
particles  to  the  shock  induced  deceleration 
(e.g.  [10]).-  But  the  main  weakness  of  this 
experiment  lies  in  the  low  LDV  signal-to- 
noise  ratio  obtained  in  such  a  weakly 
turbulent  flow. 

Figure  2(a)  shows  a  map  of  the  mean 
axial  velocity  U.  The  figure  at  the  bottom 
shows  the  corresponding  velocity  contours. 
The  mean  velocity  la  highly  perturbed  by 
the  compression  waves  issued  from  the  grid 
(see  Fig..  1).  The  mark  of  the  diamond- 
shaped  compression  waves  can  be 
identified.  Just  behind  the  shock,  an 
abrupt  thickening  of  the  wall  boundary 
layers  leads  to  a  slight  local  re¬ 
acceleration  of  the  flow.  The  velocity  then 
becomes  nearly  uniform. 


Fig.  2  View  maps  of  mean  velocity  and  of 
T  in  the  grid  flow.; 

Figure  2  (b)  shows  the  corresponding 
evolution  of  (twice)  tl(a  tiy^ulent  kinetic 
energy  defined  as  q*-ir*+2w*.  The  energy 
amplitude  is  visualized  for  -4Sjzj2Smn  so 
that  only  the  bottom  boundary  layer  is 
depicted.  The  oscillations  of  the  shock 
lead  to  spurious  increases  of  the 
fluctuatlooL  energy  (mainly  due  to  the  axial 
component  u^) .  The  spatial  interailtency  of 
the  peakiness  in  the  energy  at  the  shock 
level  strongly  depends  on  the  location  of 
the  mean  shock  with  respect  to  the  probing 


points.  Interactions  between  the  shock  and 
the  incoming  compression  waves  should  also 
contribute  to  this  non-uniformities. 

We  do  not  observe  a  substantial 
increase  of  q^,  as  could  be  anticipated 
from  the  linear  theories  mentioned  above. 

Elgure  3  shows  yie  evolution  of  V, 
i?,  w*  and  q^  and  iP/w^  calculated  by 
averaging  the  results  in  the  z  direction 
(the  Integration  is  limited  to  values  of  z 
comprised  between  -30  and  +20mm,  in  order 
to  avoid  the  influence  of  the  side  wall 
boundary  layers) .  Only  the  region  around 
the  shock  is  represented  here.- 

The  presence  of  the  peaks,  preclude  a 
precise  evaluation  of  the  levels  behind  the 
shock.  However  we  can  conclude  that  there 
is  no  significative  amplification  q^. 

3(c),  the  anisotropy  ratio 
which  is  equal  to  about  1.1  before 
the  shock  increases  up  to  about  1.25  just 
behind  the  shock,  then  it  relaxes  to  its 
initial  value.- 
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Fig..  3  Z-averaged  mean  and  turbulent 
quantities 

The  log-log  plot  of  q^  versus  x/m 
depicted  in  Fig.  4(a),  shows  a 
significative  increase  of  the  decay  behind 
the  shock.  The  exponent  o  the  decay 
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changes  from  about  -1,2,  before  the  shock 
(a  value  similar  to  that  measured  to  the 
one  in  incompressible  grid  generati  d 
turbulences),  to  about  -2.1  behind  the 
shock.  The  noise  of  the  measuring  system 
contributes  to  an  increase  of  energy  in 
the  last  measurement  stations. 

In  a  uniform  flow,  this  change  of 
slope  could  be  directly  related  to  a  strong 
Increase  in  the  dissipation  rate.  However, 
before  concluding,  one  mist  take  into 
account  the  changes  in  mean  velocity  which 
make  for  example  the  residence  time  of  the 
turbulence  downstream  of  the  shock  longer 
than  upstream.  This  effect  is  taken  into 
account  in  Fig..  4(b)  where  log  (q^)  has 
been  plotted  versus  log(t-JUdx) .;  As 
expected,  the  decay  is  reduced  with 
respect  to  that  in  Fig.  4(a),  but  a  change 
of  slope  is  still  apparent..  One  may 
conclude  to  an  Increase  of  the  kinetic 
energy  decay  behind  the  shock.. 

O  log(ql) 


Fig.,  4  Turbulent  energy  decay  versus 
x/m  (a)  and  t  (b) 


4.,  Second  experiment!  iet  flow  interaction 

The  second  experiment  concerns  an 
Interaction  between  a  jet  and  a  normal 
shock.  The  apparatus  and  the  flow  structure 
are  described  on  the  high  speed  schlieren 
picture  (20  ns  exposure)  of  Fig.  5.-  A 
Mach  2  jet  is  placed  coaxially  in  a 
supersonic  Mach  1.3  half  nozzle.  The  jet 
exit  section,  whose  diameter  is  !>*17mm,  is 
located  in  the  sonic  section  of  the  nozzle 
in  order  to  avoid  the  generation  of 
external  compression  waves..  A  nearly 
normal  shock  is  again  controlled  by  the 
second  throat,  but  the  presence  of  the 
diverging  nozzle  is  now  sufficient  to 
stabilize  the  shock. 

The  schlieren  picture  shows  the 
structure  of  the  over-expanded  part  of  the 
jet  as  well  as  the  turbulent  structure  of 
the  flow..  When  penetrating  into  the  mixing 
layer,  the  shock  bends  because  of  the 
variations  in  the  Hach  number.  The  static 
pressure  in  front  of  the  shock  is  almost 
uniform  (the  jet  is  nearly  adapted) .  The 
value  of  the  ratio  of  this  pressure  and 
that  in  the  external  flow  behind  the  shock 
precludes  a  regular  reflection  of  the 
oblique  shock  on  the  axis  of  the  jet.  A 
Hach  reflection  occurs  and  a  small  normal 
shock  takes  place  in  the  central  part  of 
the  jet.  Then,  successive  compressions  and 
expansions  develops  periodically  by 
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Fig.  5  High  speed  schlieren  picture  of  the 
jet  flow 

multiple  reflections  on  the  jet  boundaries.. 

This  interaction  is  obviously  far  much 
complex  than  that  of  the  first  experiment. 
As  quoted  in  the  introduction,  the 
structure  of  such  an  interaction  is  of 
particular  interest  with  regards  to 
supersonic  mixing  problems.  But  aside  from 
this  interest  for  engineering  applications, 
our  initial  motivation  in  conducting  the 
two  different  experiments  was  also  to 
scrutinize  various  physical  aspects  of  the 
interaction,  particularly  the  influence  of 
the  initial  intensity  and  anisotropic 
structure  of  turbulence  as  well  as  the 
response  of  the  fluctuating  field  to  rapid 
(but  not  discontinuous)  compression  or 
expansion.  However,  we  must  admit  that  this 
second  test  case  has  tu''ned  out  to  be  more 
complex  than  expected.  This  configuration 
needs  further  Investigation  before 
extracting  more  fundamental  information 
than  what  we  offer  here. 

Problems  inherent  to  LDV  measurements 
are  also  present  in  this  flow.  The  signal- 
to-nolse  ratio  is  large  but  the  main 
difficulty  is  now  related  to  the  control  of 
the  particle  population  on  each  side  of  the 
jet  mixing  layer.  A  discussion  of  this 
problem  would  take  much  more  place  than 
allowed.  The  results  presented  below  have 
been  obtained  by  a  recombination  of  the 
results  of  separated  seeding  of  the  jet 
and  of  the  external  flow.  For  this 
combination,  an  hypothesis  is  made  on  the 
rate  of  jet  fluid  concentration  across  the 
mixing  layer.  The  arbitrarlnesr  of  the 
latter  introduces  uncertainties  in  the 
statistics  particularly  in  the  intermittent 
boundaries  of  ths  mixing  leysr.  This 
problem  is  still  a  natter  of  inveatigation 
and  definitive  results  are  not  yet 
available..  Details  are  given  in  [ll]. 
However,  our  main  interest  presently 
concerns  the  changes  in  turbulent 
properties  during  the  interaction.  For 
instance,  the  relative  increase  or  decrease 
of  turbulent  energy  in  the  interaction  has 
turned  out  to  be  almcst  insensitive  to  the 
way  the  data  were  combined..  The  results 
presented  below  have  been  obtained  using 
sillcium  particles  (Airosll  R972)  whose 
theoretical  size  is  0.3  Jtm. 

Figure  6  shows  the  same  quantities  as 
those  plotted  in  Fig.  2.  Only  half  the  jet 
has  been  probed.  One  notes  that  the  global 
expansion  rate  of  the  jet  mixing  layer  is 
small.  The  potential  core  is  still  pressnt 
at  the  shock  location,  that  is  at  x/D-12  . 
This  is  primarily  a  consequence  of  the 
acceleration  associated  with  the  divergent 
part  of  the  nozzle,  (see  Fig.  5) .  The 
convective  Mach  number,  which  is  initially 
equal  to  0.26,  is  not  large  enough  for 
compressibility  Induced  effect  to  be 
significant.; 
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In  Fig.'  6,  spectacular  changes  are 
observed  behind  the  shock,  considering  the 
mean  velocity  values  (Fig..  6(a)),  one  finds 
that  the  jet  becomes  subsonic  behind  the 
shock  and  then  expands  on  a  supersonic 
regime  followed  by  successive  compressions 
and  expansions.. 

Contrary  to  the  grid  flow,  the 
turbulent  kinetic  energy  (Fig.  6(b))  is 
strongly  enhanced  by  the  shock.  Then,  it 
decays  in  the  expansion  zones  and  Increases 
again  Inside  the  compression  zones.  The 
spurious  amplification  by  shock 
intermittency  increases  from  outside 
towards  the  axis  of  the  jet,  as  the  shock 
strength  Increases  (see  (3)).; 


Fig,  6  View  maps  of  mean  velocity  and  of 
q*  in  the  jot  flow.: 


Figure  7,  shows  the  evolution  of  q*, 
u<'  and  w^  calculated  along  the  middle  mean 
stisamllne  of  the  mixing  layer  (issued 
fro 91  the  lip  of  the  ejector  and  where 
turbulence  is  maximum) .  Note  that  the  shock 
is  oblique  at  this  level:  it  makes  an  angle 
of  about  SO'  with  respect  the  vertical 
axis  (see  Fig.-  Again,  u*  is  much  more 
affected  than  w*.  One  also  notes  that 
inside  the  first  cell,  just  after  the  peak 
Induced  by  the  shock  intermittency,  another 
compression  Induced  amplification  occurs. 

The  results  obtained  without  the  shock 
have  been  also  reported.  It  is  found  that 
turbulence  returns  periodically  to  its 
initial  level,  without  net  amplification. 
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Fig.  7  Normal  Reynolds  stress  components 
and  q^  in  the  center  mixing  layer 
mean  streamline. 


5.;  Discussion 

Various  aspects  of  the  above  results 
are  strlnklng  and  will  be  briefly 
discussed,  particularly  into  the  framework 
of  the  linear  theories  evoked  in  section  2.- 

In  the  grid  flow/normal  shock 
interaction,  the  mean  density  ratio  is 
equal  to  the  inverse  axial  mean  velocity 
ratio.  One  has  01.5.  Even  if  the  Reynolds 
stress  tensor  is  not  sufficient  to  check 
the  (spectral)  anisotropy,  we  may  suppose 
that  the  latter,  ahead  of  the  shock,  is 
moderate  (see  Fig.  3(c)).  Into  the 
framework  of  lAptKppy  assumption,  relation 
(4)  leads  to  iP/uq-1.6  (the  total  kinetic 
energy  amplification  is  the 

transyersa  components  being  less  amplified 
than  u^) .  Similar  values  are  obtained  from 
LIA  [9],  Such  amplifications  are  not 
observed  in  our  results.  The  low  slgnal-to- 
noise  ratio  could  partly  explain  this 
discrepancy.  The  noise  intensity  of  the  LDV 
system  is  estimated  on  Fig.  3(b).'  Its 
contribution  to  q^  is  not  amplified  by  the 
shock  and  this  leads  to  a  lessening  of  the 
overall  measured  amplification.-  After 
subatractlng  the  noise  contribution,  the 
RDT  values  Indicated  in  Fig.  3(b)  are  still 
too  large.  It  should  be  noted  that  the 
local  re-acceleration  just  behind  the  shock 
may  also  contribute  to  slightly  reduct  the 
energy  level  (however,  from  RDT  this 
reduction  is  not  significant) . 

One  must  note  that,  in  view  of  the 
highly  perturbed  aspect  of  the  Incoming 
flow,  a  part  of  the  fluctuations  measured 
upstream  the  shock  may  originate  from 
acoustics.  RDT  doss  not  apply  for  these 
acoustic  components  but  blA  does  and  shows 
that  they  are  amplified. 

As  for  the  downstream  behavior, 
t>eeause  of  the  shift  of  energy  towards 
large  k  (see(2)),  an  increase  in  the 
dissipation  rate  (  is  expected.  T^e 
solenoidal  part  of  (  is  given  by 
where_w  denotes  the  fluctuating  vortlcity 
and  the  anstrophy.  In  RDT,  a 

simple  Cau<%y  solution  holds  for  y  (see 
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e.q.  [  1  ] ) '■'  For  Isotrootc  initial 
turbulence,  one  obtains  ii^/wfl-tl+2C^)/3  » 
1.8  (for  C-1 . 5 ) .'  The  turnover  time  of 
turbulence,  r>=q^/2(  is  thus  divided  by  2. 
This  is  compatible  with  the  observed 
increase  of  the  kinetic  energy  decay  in 
Pig.  4(b).  Strong  increase  in  ^  has  been 
also  reported  in  the  DNS  of  ref.  [9]. 

The  interaction  with  the  jet  is  much 
more  spectacular  and  reveals  much  larger 
amplifications.  Crude  theoretical 
estimations  of  the  magnitude  for  the 
amplification  can  be  Inferred  from  an  RDT 
solution  of  an  axial  compression  or 
expansion,  using  the  values  of  C  deduced 
from  experiment.  Typical  results  for  ^  are 
indicated  in  Fig.  7(b)  for  the  compression 
induced  by  the  shock  and  for  the 
compression  which  follows  the  first 
expansion  (for  the  latter  cg^e,  one  takes 
for  ug  the  lowest  value  of  ?  measured  at 
the  and  of  the  previous  expansion) .  The 
values  obtained  are  far  below  those  given 
by  the  measurements.'  The  latter  are  almost 
analogous  to  those  reported  in  boundary 
layer  experiments  (see  (2)).  It  is 
strinklng  to  note  that  a  simplification  of 
relations  (4)  by  dropping  the  pressure 
effect  (P(N)“0)^  which  leads  to  an 
amplification  of  i?  by  a  factor  C*,  would 
give  results  much  closer  to  the 
experimental  data.-  An  equivalent  result  can 
be  Inferred  from  the  theoretical 
developments  proposed  in  [12J  (sea  also 
[8]).  However,  one  must  note  that,  in 

accordance  with  the  developments  given  in 
section  2 ,  the  strong  anisotropy  of  the 
mixing  layer  can  largely  contribute  to  the 
enhancement  of  the  amplification  rates.  In 
particular,  a  concentration  of  energy  in 
directions  normal..,^  ta  the  -■  axis  (in 

accordance  with  u4>w4)  may  '  be  expected.- 
This  could  contribute  to  an  apparent 
lessening  of  the  damping  affect  of 

pressure  (ROT)  or  to  an  amplification  of 
the  contribution  of  the  critical  regime 
described  in  [6]. 

A  last  remark  will  be  done  concerning 
the  periodical  distorslons  developing 
inside  the  jet  cells.  As  quoted  in  the 

introduction,  a  complex  coupling  between 
the  mean  field  gradient  and  compressible 
fluctuations  must  play  an  Important  role  in 
the  turbulent  kinetic  budget.  Under  its 
usual  form,  the  latter  reads: 


pOk  -  njt  +  D)t  -  4  -t  P)t 


(6) 


where  Ok  denotes  the  convective  derivative 
of  k  and  where  the  right  hand  side  is 
decomposed  in  production  (Oj^) ,  diffusion 
(Ox),  dissipation  (c)  tarns  and  a 
compressibility  induced  pressure  term 
which  develops  as  Px“*U]5P^)t  -f  p'uj  t,  with 
P  and  p ' ,  the  mean  and  f  lu<^tuating 
pressures . 

By  linearizing  the  continuity  and  the 
Gibbs  equations,  one  obtains  the  following 
leading  terms  for  P^^: 


(1) 


(2)  w  ilL  S  x  7-1  P,k 

PX-  -i?Dkp  +  [MJtpUx  +  - + - T-] 

M.  Cp  7  P 

-UxT' 

+  -=-P,k  (7) 

T 


where  )^-(pV4a)2  is  the  potential  energy, 
f  and  TV ,  the  mean  and  fluctuating  static 
temperatures  and  S,  the  mean  entropy.  Mass 
weighted  averages  are  used  here.,  Non- 


negllgible  pressure  and  temperature 
fluctuations  may  arise  from  the  shock 
interaction  or  in  the  expansion  or 
compression  fans.  Considering  that  mean 
flow  inside  the  cells  is  almost  Isentroplc, 
terms  (2)  and  (4),  which  are  positive 
terms,  may  constitute  important  local 
sources  (or  sinks)  of  kinetic  energy  in  the 
compressions  (or  expansions) ,  Concerning 
term  (1),  the  DNS  presented  in  [13]  has 
shown  that  large  potential  energy  kp  was 
rapidly  converted  into  kinetic  energy*^  k  on 
the  acoustic  time  scale.  Thus  term  (1) 
would  be  positive.'  So,  except  perhaps  for 
term  (3),  the  mean  gradient  induced  terms 
are  in  phase  with  the  production  (Dx)  and 
may  thus  contribute  to  the  large  variations 
in  the  turbulence,  as  these  observed  in  the 
experiment. 

On  the  whole,  the  amplification 
process  seems  widely  different  in  the  two 
experiments.  The  initial  anisotropy  as 
well  as  the  extra  production  terms  Induced 
by  compressibility  could  perhaps  explain 
the  large  increase  in  turbulence  in  the  jet 
flow.-  These  mechanisms  may  be  supposed 
negligible  in  the  grid  flow  where  much  less 
efficient  amplification  followed  by 
changes  in  the  decay  regime  have  been 
observed. 
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ABSTRACT 

The  base  of  a  lifted  jet  flame  of  methane  has  been 
probed  with  point  Raman/Rayleigh/LIF  diagnostics, 
yidding  time-  and  space-resolved,  simultaneous  matt 
tractions  of  Nj,  CH*,  Oj,  HjO,  Hj,  CO,  COj  and  the  OH 
radical.  The  results  shew  that  the  flame  is  stabihzed 
somewhat  outside  the  mean  stoichiometric  envelope  and 
outside  the  turbulent  fuel  jet  Whilst  there  are  indications 
of  some  prenuxed  flame  structure  at  the  base,  this  is  not 
suffiaent  to  support  a  simple  turbulent  preimxed  flame 
concept  of  stabiusationi  the  flow  it  intermittent,  and  there 
are  composition  fluctuations  outside  the  flammability  limits 
at  all  measured  points  around  the  flame  base.  There  is 
tome  entrainment  of  hot  fluid  into  the  core  of  the  jet,  where 
It  IS  possible  that  quenching  occurs,  but  the  results  do  not 
strengthen  the  arguments  of  models  proposed  for  flame 
stabiUsation  along  these  lines 


INTRODUCTION 

There  is  considerable  diversity  of  opinion  on  the 
processes  govermng  the  stabilisation  of  jet  flames  Among 
the  modus  for  predicting  lift-off  height  and  blowout 
conditions,  perhaps  the  best  known  (Vanquickenbome  and 
Van  Tiuelen,  1966)  rests  on  the  idea  that  the  fuel  is 
pcemixed  at  the  base  of  the  flame  which  is  stabilised  where 
the  mean  axial  veloaty  equals  the  turbulent  flame  speed. 
This  view  is  challenged  in  more  recent  work  by  Pitts  (1969) 
showing  that  at  the  flame  bate  the  flow  it  lugUy 
intermittent.  Peters  and  co-workers  (1983),  in  proposing  a 
stabilisation  mechamtm  based  on  laminar  diffusion  flame 
quenching  due  to  high  flame  stretch,  also  argue  that  there  it 
insufflcient  residence  time  below  the  flame  base  for 
premixinf  at  the  mcecular  level,  so  that  the  premixed  flame 
concept  It  not  hittified.  However,  the  experiments  by 
Eickhoff  et  al.  (1985)  reveal  40-60  percent  burnout  just 
downstream  of  the  stabilisation  lone,  indicating  substantial 
premixednett  at  the  base.  They  alto  show  that  the  reaction 
sone  IS  largely  m  the  quiescent  r^on  outside  the  shear 
layer.  The  neat  sensitivity  of  lifted  flames  to  co-flow 
yd^ty,  established  by  Dum  and  Dibble  (1989),  alto 
indicates  that  the  flame  bate  lies  outside  the  jet  boundary. 
The  model  by  Byggstiyl  and  Magnutten  (l983),  like  that  by 
Peters  and  Williamt  (1983),  it  based  on  extinction,  but  this 
is  argued  to  occur  at  the  smallest  scales,  which  presumes 
that  the  flow  it  essentially  premixed  at  the  flame  bate. 
Broadwell  et  al.  (1985)  propose  a  description  bated  on  large 
structure  entrainment  and  extinction,  a  view  contradicted 
by  the  results  by  Savas  and  GoUahalli  (1986)  showing  that, 
at  least  at  low  lift-off  height,  flames  with  a  high 
stoichiometric  air/fuel  ratio,  such  u  propane,  are  stabilised 
outside  the  turbulent  jet  boundary,  and  that  combustion 
does  not  occur  in  the  cores  of  the  roUed-up  vortices.  In  a 
recent  review  of  these  ideu,  Pitts  (1989)  concludes  that 
present  understanding  of  flame  stabilisation  is  poor 
Although  there  exist  procedures  which  predict  iin-off 
height  and  blowout  quite  well,  models  show  substantial 
contradictions  and  appear  to  be  at  variance  with  observed 


physical  processes  associated  vrith  stabihsation.  flamelet 
quenching  ideu  do  not  teem  appropriate  when  stabilisation 
takes  place  in  the  tranquil  outer  tone,  and  the  concept  of  a 
remixed  flame  propagating  against  the  approaching  gas 
ow  seems  incompatible  with  the  observed  intermittency  in 
that  region 

The  buic  problem  is  that  models  are  ahead  of 
expenmentation,  not  enough  is  known  about  the 
instantaneous  mixing  -  chemistry  interactions  in  the 
stabilisation  tone  to  resolve  these  model  contradictions. 
Only  recently  have  some  such  results  emerged,  such  u  the 
20  images  of  CH4,  CH  and  OH  by  3chefer  et  al.  (1990),  the 
point  Rama^LlF  data  for  a  hfted  Hj  flame  in  a  strong 
co-flow  by  Barlow  et  al.  (1986a)  and  the  OH  images  in 
Hr-air  flames  by  Seitsman  et  al  (199^  In  the  present 
work  we  have  obtained  Raman/OH  LIF  data  for  a  lifted 
natural  gw  jet  into  still  air  This  clusical  geometry, 
coupled  with  the  simplest  hydrocarbon  fuel,  it  thought  to  be 
the  most  suitable  for  reveabng  the  features  at  issue,  such  w 
the  degree  of  premising,  the  deputure  from  equibbnum, 
and  any  extinction  effects.  Results  have  alto  been  obtained, 
in  the  tame  set  of  experiments,  for  fully  seated  diffusion 
flames  u  well  w  free  premixed  flames,  to  allow  close 
companton  with  the  extremes  between  which  the  lifted 
flame  it  believed  to  exist. 

This  work  is  undertaken  alto  with  a  view  to  clarify  how 
locally  extinguished  fluid  in  piloted  jet  flames  with  high 
imxing  rates  is  re-igmted  downstream  (Muri  et  al  1988, 

Sttmer  et  al.  1990).  This  it  hkely  to  involve  tome  decree  of 
premising  and  only  Umited  information  is  available 
However,  we  do  know  that  when  the  seated  flame  is  highly 
intermittent  in  the  upstream  reoon,  the  re-igmtion  is 
noisy,  and  typically,  the  fuel  it  fully  burnt  in  the 
downstream  flame  brush. 


EXPERIMENTAL 

In  the  present  experiments,  a  natural  gw  jet  (■■61% 
CH4)  issues  from  a  vertical  burner  tube  (of  0=7.2  mm 
diameter  and  600  mm  len^h,  standing  30  mm  proud  of  a 
horiiontal  table),  at  Reynmdt  number  28,600,  into  still  air. 
At  this  Reynolds  numbs,  the  flame  is  stabilised  at  around 
20  nosale  diameters  (x/D  =  20,  x  being  the  streamwise 
coordinate).  This  it  the  axial  location  at  which  a  piloted  jet 
flame  of  tM  tame  Reynolds  number  it  mostly  extinguished 

due  to  high  mixing  rates  (Stims  et  al  199^.  A  radial 
traverse  it  obtained  from  r/R  =  0  to  8.3  (R  s  D/2),  w  wdl 
M  a  set  of  axial  mewurements  at  r/R  =  8.3,  from  x/O  =  20 
to  32. 

The  single-point  optical  system  shown  in  Fig.  1  it  that 
described  in  Barlow  et  al.  (1989b).  The  Raman  signals  are 
obtained  bom  3  jis,  2  J  pulses  delivaed  by  a  fluh-lamp 
pumped  dye  laser  at  632  nm.  The  LIF  OB  system  opsates 
at  303  nm,  driven  by  a  Nd-YAG  laser.  The  coincident 
probe  volumes  are  0.5  mm  long  and  0.7  mm  diameter. 
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Fig  1  Apputtui  (or  limultuieapi  point  meuuremenM  of 
tempeinture,  major  ipeaei,  and  hydroxyl  concentration 


Fig.  2  Radial  profile!  of  mixture  fraction  and  reactanti, 
conditional  on  T  <  450  K  at  x/D  =  20. 

- meani; - rmi. 


RESULTS  AND  DISCUSSION 

The  appearance  of  the  flame,  which  ii  not  very  far  from 
blowoff,  it  blue  throughout  the  itabiliaation  region.  Tbit 
high  velocity  flame  ii  choaen  in  part  to  avoid  loot 
interference  with  the  Raman  and  Rayleigh  meainrementi. 
There  ate  aometimei  fluctuation!  around  the  mean  axial 
poiition  of  Itabiliaation  at  x/D  =  20  of  up  to  lOD,  rather 
mote  than  leen  in  the  literature.  Thii  ii  probably  due  to 
occanonal  room  draught. 

Radial  profile!  of  conventional  meana  and  tmi  of 
temperature,  ipedei  maaa  fraction!  and  the  mixture  fraction 
ate  plotted  in  Flgi.  2-4.  Figure  2  ihowi  cold  aone  data 
(i.e.,  lamplea  conditional  on  the  temperature  being  below 
the  arbitrary  threibold  450K),  Fig.  3  ihowi  reacting  lone 
average!  and  Fig.  4  the  overall  average!.  The  mixture 
fraction  /,  ii  defiiiM  by 

+  2./(ZW,)  +  -  Z„)/W, 

■“c,l/Wc+  2..l/(2W,)+(Z„_j-Z„,)/w; 

where  Zi  ii  the  mail  fraction  of  elemental  ipedei,  i,  Wt  the 
atomic  man  of  ipedei  i,  and  lubacripti  1  and  2  Mote  fuel 
and  oxidant  itreami,  reipectivdy.  Thii  formulation 
pteiervei  the  itoichiometric  mixture  at  iti  mixing  value. 
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Fig  3  Radial  profile!  of  mixture  fraction,  temperature  and 
specie!,  conditional  on  T  ^  450  K  at  x/D  s  20. 

- means, - rms. 


- meani; - rms 


The  rediua  Rt  at  which  /,  the  mean  of  f,  taken  the 
gtoichiometric  value,  f,,  vanea  very  little  with  the  form  of 
averaging  in  Figa.  2-4.  R«/R  =  5Sa0.1  It  la  aeen  in  Fig. 
3  that  the  peaka  in  temperature,  products  (CO]  and  H]0) 
and  the  radical  OH  all  occur  at  a  larger  radiua,  around  7R 
For  the  overall  averagea  in  Fig  4  these  peaks  are  even 
further  out.  It  it  part  of  the  argument  for  the  propuating 
premixed  flame  theory  by  Vanquickenbome  anif  van 
Tiuelen  0966)  that  the  radiua  where  the  flame  ia 
at^iliied,  Rb,  coincidet  with  R,  Their  expenmenta  show, 
however,  that  Rb  tendg  to  become  larger  than  R,  at  high 
velocity,  which  it  quahtatively  consistent  with  the  present 
high-apM  flame.  Pitta  (1969)  hu  reported  inteimittency 
at  Rb,  and  this  ii  alto  the  cate  here,  at  sees  in  Table  1, 
which  bttt  /  and  the  intermittency  factor  I  (u  well  aa 
unbumt  fractions),  for  x/D  =  20  and  some  further 
downstream  locations.  It  is  hard  to  reconcile  this  with  the 
atabiliaation  mechanism  of  Vanquickenbome  and  van 
Tiggelen.  Alto,  at  all  points  near  the  flame  bate,  the 
inttantaneout  mixture  Rac.ion  deviates  outiide  the 
flammabibty  bmi*t,  0.03  and  0.08  the  fraction  of  the  fluid 
within  the  flammmabibty  Uim*8,  an,  in  Table  1  it  nowhere 
above  0  6  This  it  alto  iUuatrated  in  the  probability  density 
functions  (pdf's)  of  /  T  and  the  major  species,  shown  in 
Fig  5,  at  five  racbal  locations  around  the  base'  the 
distribution  of  /  it  much  wider  than  the  flammability  bmita 
at  all  radii.  This  contrattt  with  the  results  by  Barlow  et  al. 
(1989a)  for  a  Ufted  Hj  flame,  where  the  wide  flammabibty 
Umitt  result  in  almost  ail  of  the  mixture  at  the  flame  base 
being  able  to  support  premixed  combustion. 


Fig  5  ProbabUity  density  functions  of  mixture  fraction, 
p(n;  normaUted  temperature,  p(TO,  T*  =  (T  -  Tub)/(Tt4 
-  Tub),  and  tpedes,  p(Yi),  at  x/O  =  20  and  various  radi]. 


Table  1  Mean  and  rms  mixture  fraction,  J and  /  , 
cold  fraction,  a^  (T<450K),  fraction  within  flammability 
limits,  an  (0  03</<0  08),  cold  fraction  within  flauimability 

limits,  acfi,  and  intermittency  factor  I  (I  =  0  for  /<  0  00,5) 


x/D 

r/R 

7 

7' 

afi 

acfl 

I 

20 

0 

0  177 

0  043 

100 

0  03 

1.00 

100 

20 

1.4 

0.155 

0  046 

0  98 

0.06 

0  97 

100 

20 

28 

0.117 

0  045 

0  92 

0  19 

0  91 

1  00 

20 

42 

0  082 

0  042 

0  78 

0  43 

0  72 

0.98 

20 

56 

0  055 

0  033 

0  64 

0.56 

0  56 

0  95 

20 

69 

0  0.39 

0  026 

0  56 

0  53 

0.42 

0  91 

20 

83 

0.025 

0.022 

0  38 

0.39 

0  15 

0  76 

22 

83 

0  021 

0.023 

0  50 

0  32 

0.22 

0.68 

24 

83 

0  032 

0  028 

0  39 

0  48 

0  19 

0  77 

26 

83 

0  040 

0  029 

0  20 

0  56 

0  08 

0  86 

28 

8.3 

0  045 

0  030 

0  18 

0  57 

0  09 

0  89 

32 

83 

0  063 

0  032 

0.04 

0.59 

0  02 

0  96 

It  It  teen  in  Fig.  5  that  for  radii  larger  than  4R, 
intermittency  spikes  appear  in  the  pdf's  of  /  (These  spikes 
are  trancated  for  clarity  in  the  pdf's  of  Yt  and  T.)  At  r/R 
=  2  8  the  pdf's  of  CH4  and  /  are  almost  tie  tame, 
indicating  very  bttle  reaction.  Tbit  it  consistent  with  the 
low  reactedness  of  H]0  and  COj  at  this  radius. 

At  r/R  rs  6.9  (s  Rb),  all  quantities  show  tome 
bimodaUty,  partly  due  to  intermittency,  partly  due  to  the 
flame  base  beini  sometimes  above,  sometimes  below  the 
probe  location.  There  it,  however,  a  significrnt  fraction  in 
the  intermediate  range  between  fully  reacted  and  unreac  ed 
fluid. 

Figure  6  shows  scatter  plots  of  temperature  and  tpedes 
matt  fractions,  versus  /  at  x/D  =  20.  Around 
stoichiometnc  (A  =  .055)  the  distribution  of  all  quantities 
except  H]  and  CO  it  strongly  bimodal,  at  seen  in  the 
scaraty  of  samples  half-way  between  the  unreacted  and 
rracted  states.  For  /  >  0.07,  the  distribution  in  Fig.  6 
differs  markedly  from  that  in  undiluted,  seated  diffusion 

flames  (Stimer  et  al.  1990).-  there  are  no  samples  near  the 
'fully  bumf  lines  (obtained  by  predictions  for  a  laminar 
counterflow  diffusion  flame).  This  it  because  cold  premixing 
of  fuel  and  air  occurs  down  to  /^  0.17  in  every  sample, 
before  any  diffusion  of  heat  and  products  from  the  reaction 
tone  takes  place  Such  is  alto  the  case  much  further 
downstream,  at  x/D  =  32  (Fig.  7),  where  one  expects 
essentially  a  diffusion  Came  structure.  However,  here  a 
significant  fraction  of  the  data  is  unbumt  at  stoii^ornetric 
showing  that  some  cold  mixing  is  still  taking  place.  There 
it  no  dear  evidence  here  of  extinguishing  fluid  of  the  land 

seen  in  air  diluted,  piloted  flames  (Sttmer  et  al.  1990;  3:1 
air/CHi  by  volume,  corresponding  to  premixing  to  /  = 
9.16),  the  scatter  plots  of  which  have  the  same  ontUnet  at 
those  of  the  lifted  flame,  except  that  the  intermediate  region 
(half-burnt,  or  quenched)  is  densely  populated.  In  f^,  the 
umost  complete  absence  of  temperature  samples  In  Fig.  7  at 
'»  it  and  900  <  T  <  1600K  shows  that  probe  averapng  it 
not  a  significant  occurrence  here.  Further,  the  dustering  of 
the  burnt  samples  between  the  laminar  flame  lines  for  /£  A 
shows  that  the  flame  it  fairly  dote  to  equilibrium,  u  one 
expects  in  a  r^on  of  low  mixinf  rates  These  two 
observations  enable  us  to  infer  that  the  wide  distribution  of 
T  for  />  £  is  not  due  to  nonequilibtium  or  probe  effoctt. 
There  it  dearly  tome  cold  premixing  to  within  the  rich 
flammability  limit,  and  subsequent  combustion  of  such 
samples  must,  by  definition,  be  premixed.  Samples  to  she 
rich  tide  of  /si  0.08  that  have  already  been  heated  have 
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Fig.  6  Scatter  plot*  o{  temperature  and  tpeciei  mail 
fractioM,  plotted  againit  mixture  fraction,  at  x/D  =  20 
Data  from  r/R  =  2.8  to  8.3  ate  combined,  in  equal 
proportioni.  Line<  denote  laminar  flame  calculatione  at 
strain  rates  5  and  300  s'‘,  and,  for  the  reactants,  Rosen  flow. 
(The  strain  rate  a  =  2  V/Rc  V  being  the  freestream  velocity 
and  Rc  the  cylinder  radius). 


obnouily  been  involved  in  diffusion  of  heat  and  products 
ficin  a  nearby  reaction  none,  and  could  per^ps  be  clused  u 
diffusion  flame  events. 

Figure  8  shows  scatter  plots  of  data  at  the  flame  base, 
re-plotted  versus  temperature,  and  conditional  on 
approximately  stoichiometric  lixture,  0.9  <  //)■  <  1.1  In 
a  premixed  flame,  data  above  ambient  temimature  but 
below  1800K  would  represent  the  preheat  and  main  reaction 
sones,  wherew  in  a  stea^ly  burning  diffusion  flame,  there 
would  be  no  data  below  the  quenching  limit  (around  17S0K 
for  undiluted  CHs)  save  that  at  ambient  temperature, 
representing  the  cold  approach  flow.  There  are,  however, 
three  pottinle  sourcea  of  such  data  in  diffusion  flames: 
probe  averaging,  signal  noiM  due  to  dost  or  soot  (reaulting 
in  lower  measured  T  through  raised  Raylei^  scattering), 
and  local  quenching.  It  seems  that  none  of  these  sources  is 

active  here,  unpublished  2D  Rayleigh  images  (Sttmer  and 
Bilger,  1990)  show  that  the  measutements  in  Fig.  8  ate 
collated  in  the  low  turbulence  none  at,  and  outside,  the  jet 
boond^,  where  quenching  effects  are  not  expected;  probe 
averaging,  ai  argo^  above,  does  not  appear  to  be  a  problem 
in  a  diffusion  flame  structure  where  graments  ate  lower  than 
in  a  premixed  flame,  and  finally,  any  soot  interference  on  T 
would  also  result  in  some  samples  in  Fig.  8  being 
displaced  far  to  the  left  of  the  main  cluster;  this  ii  clearly 
not  the  cate  here.  Therefore,  the  samples  above  ambient 
temperature  but  below,  say,  17S0K,  teem  to  indicate  a 
premixed  structure.  Results  of  3D  imaging  of  Oa,  CH  and 
CHs  by  Schefei  et  al.  fl990)  poiat  to  a  diffusion  flame 
structure  downstream  <»  the  flame  base,  but  there  ate 
instancea  at  the  upstream  end  of  the  reaction  sone  of  a  'heel’ 
where  CH  seems  to  exist  on  the  lower  (cold)  tide  and  OH  cn 
the  upper  (burnt)  sice  of  the  flame  image,  u  one  expects  in 
a  premixea  flame.  However,  this  it  not  consistently  the 
cue,  and  the  results  ue  not  euily  interpreted. 


Pig  7  Scatter  plots  u  in  Fig.  5,  but  at  x/D  =  32, 
r/R  =  8  3. 


Fig.  8  Scatter  plots  of  spedet  mau  fractions  against 
temperature,  conditional  on  0.9  <  ///,  <  1.1;  x/D  =  20, 

r/R  =  6.9  and  8.3  combined.  - :  calculations  for  an 

unstrained,  premlxed  flame  of  stoichiometric  composition. 
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The  puticulu  speaei  that  ii  thought  to  be  moat  uteful 
for  diicnminating  between  premixed  and  diffution  flame 
itructure  ii  COi:  the  calculationi  (or  a  laminu,  unitrained, 
itoickometric  premixed  flame  in  Fig  8  ihow  low  COi  leveli 
below  leooK  and  a  iteep  riie  in  the  burnout  none,  whereaa 
CO]  in  quenched  fluid  in  a  diffuaion  flame  would  not  have 
thia  nonlinear  temperature  dependence,  but  would  be  bnear 
with  T  to  a  firat  approximation,  u  aeen  tn  the  reaulta  by 

Stirner  et  al  (1900),  In  Fig.  9,  the  COi  plot  of  Pig.  8  la 
expanded  and  compared  with  reaulta  (or  an  undiluted  aeated 
flame  cloae  to  extinction  (obtained  on  the  aame  occaaton,  to 
minimiae  ayatematic  blaa)  where  local  quenchini'  occnti  due 
to  high  mixing  ratea.  Typically,  COj  levela  for  the  aeated 
flame  are  twice  thoae  of  the  liftM,  at  the  aame  temperature. 
It  it  alao  teen  that  the  lilted  flame  data  lie  aomewhat  above 
the  laidnar  flame  predictiona.  If  we  aatume  that  the  Ufted 
flame  data  indeed  repreaent  a  premixed  flame  tone,  tbit 
muat  be  due  in  part  to  probe  averaging:  the  temperature 
range  600-1800K  corretpondt  to  a  reaction  tone  width  oi 
xO.S  mm,  approximately  equalling  the  probe  tiae  (not 
accounting  lor  beam  thicVemng  by  oenaity  gradienta).  The 
non-Unear  COr-T  relationthip  would  reault  in  raitM  CO] 
levela,  particularly  around  1400K.  In  a  diffution  flame,  the 
lower  gradienta  and  linear  COj-T  correlation  would  not 
caute  tuch  biu 


CONCLUDING  REMARKS 

The  reaulta  thow  that  the  hfted  flame  it  atabibied 
aomewhat  outtide  the  mean  atoichiometiic  contour,  where 
the  flow  ia  intermittent  and  the  turbulence  level  ia  low.  The 

20  Rayleigh  imagea  by  Sthrner  and  Bilaer  (1990)  con&rm 
tbit  and  uto  thow  that  highly  diatorteo  hot  fluid  parcelt 
become  entrained  into  the  jet  core,  and  that  a 
amooth-edged  outer  flame  envelope  exiatt,  with  much  larger 
atructmea  than  in  the  thear  layer  The  hot  entrained  fluid 
la  conaiatent  with  the  notion  of  flamelet  entrainment  by 
large  atructurea  advanced  by  Broadwell  et  al.  (198$)  but 
contruta  with  the  Gndicgt  of  Savu  and  Gollahalli  (1988) 


Temp,  K 


Fig.  9  Data  for  Y(,q^  (o),  aa  in  Fig  8,  expanded  in  the 

intermediate  temperature  range,  and  compared  with  a 
aeated  flame  (+)  of  undiluted  CHi  at  x/D  =  20,  r/R  =  3.6, 
at  jet  velocity  4$  m/a. 


(or  a  propane  flame  that  the  (lame  bue  doea  not  propagate 
into  the  ^t  core  but  jumpa  from  the  outer  edge  of  one  Mdy 
to  the  next.  However,  their  fuel  jet  la  alow  and  the  flame  ia 
atabiliaed  near  the  noaale  where  regular  vorticei  develop, 
whereu  in  the  preaent  high-epeed  flame  the  turbulence  ia 
well  developed  and  three-dimenaional.  Our  2D  Rayleigh 
imagea  have  ahown  that  the  higher  atoichiometnc  air/fuel 
ratio  of  propane  doea  not  auffice  to  alter  the  baaic  atructure 
reported  here  (or  the  methane  flame 

There  are  aome  indicationa  of  premixed  burning  at  the 
flame  baae,  but  the  clear  evidence  of  intermittency  and  the 
wide  variation  in  mixture  fraction  outtide  the  flammability 
limitt  do  not  favour  the  idea  of  a  turbulent  premixed  flame 
front  propagating  ateadily  into  the  approach  flow  However, 
there  may  be  flow  conditiont,  perha^  tuch  u  that  of  Savu 
and  GoUahaUi,  where  it  hu  mote  relevance. 

Although  we  have  noted  the  occurrence  of  fluid 
entrained  into  the  jet  core,  which  may  undergo  quenching, 
thit  doea  not  happen  at  the  flame  bue-  tud  parcelt  ue 
quickly  convected  downatream  and  teem  unbkely  to  directly 
affect  the  bue.  Thut,  the  diffution  flamelet  quenching 
concept  of  Petera  and  Williamt  (1983)  in  aupport  of  their 
theory  of  atabihaation  could  not  M  ugued  on  the  buit  of 
theae  obaervationa  The  eatimate  by  Petera  and  Williamt 
that  there  it  inaufficient  time,  At,  between  notale  and  flame 
bue  to  effect  the  moleculu  mixing  needed  (or  premixed 
combuttion  it  not  borne  out  for  thit  flame  In  calculatiog 
At,  they  appear  not  to  account  for  the  flame  bue  being  to 
fu  out  into  the  low-epeed  turroundingt;  here  it  teemt  that 
At  it  almoat  a  magnitude  luger  However,  with  a  fuel  of 
lower  atoichiometiic  air/fuel  ratio,  tuch  u  a  Hj/Ni  mix,  the 
atoichiometric  envelope  may  be  intide  the  jet  theu  layer, 
giving  the  laiue  of  flamelet  quenching  more  prominence 

We  have  atudied  a  flame  of  a  tingle  fuel,  with  one 
noxtle  tile  and  at  one  Reynoldt  number.  Compuiaont  with 
work  by  othera  indicate  that  there  may  be  more  than  one 
mechanitm  at  work,  depending  on  geometry,  turbulence 
Itructure  and  fuel  type.  It  may  w&  be  that  no  ainile 
detenption  can  tatiafy  the  whole  range  of  conditiona  Tor 
lifted  flamei.  Given  the  complexity  of  the  problem,  it  it 
indeed  remarkable  that  major  advancer  have  been  made  in 
the  development  of  robutt  empincal  modelt  for  bftoff  and 
blowoff  phenomena. 
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Abstract 

To  test  the  consistency  of  large-eddy  simulation  we  have  run  four 
existing  large-eddy  codes  for  the  same  case  of  the  convective  at¬ 
mospheric  boundary  layer  The  four  models  differ  in  various  de¬ 
tails,  such  as  the  subgrid  model,  numerics  and  boundary  condi¬ 
tions 

The  agreement  between  the  four  models  is  excellent.  In  general 
model  results  lie  within  the  scatter  of  available  observations  Most 
of  the  disagreement  between  the  model  results  can  be  attributed 
to  the  parameter  of  the  subgrid  model.  The  effect  of  other 
differences  between  the  four  models,  such  c  g  due  to  numerics,  Is 
found  to  be  small 

Introduction 

In  large-eddy  simulation  we  seek  tu  compute  the  large  scales  of  tur¬ 
bulence.  This  it  accomplished  by  performing  on  the  Navier^Stokes 
equations  a  filter  operation,  designed  to  remove  the  small  scales 
from  these  equations  The  resulting  set  cf  equations  is  then  solv^ 
numerically.  Large-eddy  simulation  is  considered  to  be  a  tool  to 
study  the  details  of  turbulence  and  it  is  enjoying  an  increasing 
popularity. 

The  most  successful  application  of  large-eddy  modelling  has 
been  to  the  atmospheric  boundary  layer  and  m  particular  to  the 
convective  boundary  layer.  The  rewon  is  of  course  that  the  con¬ 
vective  boundary  layer  is  dominated  by  large  structures.  These 
are  known  as  thermals  and  they  are  responsible  for  most  of  the 
vertical  transport  processes.  They  make  the  convective  boundary 
layer  an  ideal  subject  for  large-eddy  simulation. 

The  study  of  the  convective  boundary  layer  with  large-eddy 
models  has  started  with  the  pioneering  work  of  DeardoifT  in  the 
seventies  {e  g.  Deardorff,  1974).  Since  then  extensive  and  detailed 
simulations  have  been  reported  by  Moeng  (1984),  Mason  (1989) 
and  Schmidt  and  Schumann  (1969).  A  more  general  review  of 
large-eddy  simulation  of  convection  is  presented  by  Nieuwstadt 
(1990). 

Here,  we  will  not  add  another  simulation  to  this  list.  Instead 
this  study  has  a  different  objective 

The  philosophy  of  large-eddy  modelling  is  to  isolate  the  dy¬ 
namics  of  the  large  scales  The  small  scales  are  treated  by  a  more 
or  less  simple  parameterisation:  the  so-called  subgrid  model.  This 
approach  Mnges  on  the  hypotnesls  that  the  actual  detiuls  of  the 
subgrid  model  have  only  minor  effects  on  the  Urge  scales.  As  this 
may  be  considered  the  fundamental  premise  of  large-eddy  mod- 
eUing  there  are  also  other  uncertainties.  Any  large-eddy  model  re¬ 
quires  a  large  number  of  assumptions  about  details  of  the  model, 
ranging  from  the  choice  of  a  numerical  scheme  to  the  selection  of 
boundary  conditions  It  would  be  very  undesirable  if  a  large-eddy 
simulation  turns  out  to  be  sensitive  to  these  modelling  details. 

In  this  paper  we  aim  to  address  these  q-eslioas  and  Investigate 
whether  present  large-eddy  models  are  in  line  with  the  philosophy 
mentioned  above.  Do  they  lead  to  consistent  eimuUtions  for  the 
case  of  the  convective  atmospheric  boundary  layer?  Such  con¬ 
sistency  would  present  a  further  argument  that  large-eddy  sim¬ 


ulations  can  be  trusted  to  give  a  realistic  representation  of  at¬ 
mospheric  turbulence. 

To  this  end  four  research  groups  represented  by  the  authors  of 
this  paper  have  decided  to  test  their  large-edoy  models  for  a  sim¬ 
ulation  of  the  convective  boundary  layer.  Besides  using  different 
subgrid  models,  these  codes  also  differ  in  many  other  details  We 
run  the  models  starting  from  the  same  initial  conditions  and  using 
the  same  forcing.  By  comparing  the  results  we  expect  to  learn  the 
sensitivity  of  these  models  to  the  various  parameters 

First  we  shall  discuss  in  some  detail  the  differences  between 
the  models  Next  we  shall  specify  the  initial  conditions  and  the 
calculation  procedure  Then  we  turn  to  a  discussion  of  the  results 

Description  of  large-eddy  codes 

As  already  mentioned  above  we  shall  use  in  this  study  existing 
large-eddy  codes  which  have  already  been  described  elsewhere 
(Mason,  1989;  Moeng,  1984  and  Schmidt  and  Schumann,  1989) 
Therefore,  we  shall  restrict  ourselves  in  ibis  section  to  highlighting 
the  various  differences  between  the  four  models 

Subgrid  model 

The  main  purpose  of  a  subgnd  model  is  to  "dissipate”  the  energy 
which  is  passed  down  the  cascade  from  the  large  eddies  Views 
at  present  differ  on  the  complexity  needed  to  model  the  subgrid 
terms 

The  most  simple  parameterization  is  the  well-known  Smagorin- 
sky  model,  which  relates  the  subgrid  stresses  to  the  deformation 
of  the  resolved  velocity  field  by  means  of  an  eddy  viscosity,  Km 
This  eddy  viscosity  is  expressed  as 

Km  =  ^^S  (1) 

where  S  is  the  absolute  value  of  the  strein  rate  and  t  is  the  so- 
caJled  mixing  length.  This  mixing  length  is  proportional  to  the 
filter  length. 

The  Smagonnsky  model  is  used  by  Mason  and  for  a  more  de¬ 
tailed  discussion  we  refer  to  Mason  (1989),  where  an  extension 
of  (1)  to  convective  turbulence  is  introduced.  Here,  it  suffices  to 
mention  that  in  the  context  of  the  Smagonnsky  model  a  funda¬ 
mental  role  IS  played  by  the  coefficient  C,  It  is  defined  as  the 
ratio  between  the  mixing  length  and  a  characteristic  grid  size  A 

C,  =  //A.  (2) 

Mason  ( 1989)  has  considered  the  effect  of  several  values  for  Ct  and 
recommends  C,  =  0.32. 

Alongside  the  Smagorinsky  model  for  subgrid  stresses  an  anal¬ 
ogous  model  IS  used  to  parameterize  subgrid  heat  fluxes  It  re¬ 
lates  the  temperature  flux  to  the  resolved  temperaiure  gradient 
by  means  of  an  eddy  diffusivity  Kh’  The  Kh  »•  connected  to  the 
Km  by  means  of  a  Prandtl  number 
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Mason 

Moenj? 

Nieuwstadt 

Schumann  I 

1  C, 

0  32 

0  18 

0  18 

0.165  1 

ill. 

0.46 

0  33 

0  33 

042  1 

Table  1  Representative  values  of  the  coefficient  C$  and  the  Pmndtl 
number  Pt  for  the  subgnd  rnodel  of  the  four  large‘eddy  codes. 

A  slightly  more  complicated  subgrid  closure  model  is  used  by 
Moeng  and  Nicuwstadt  It  is  also  based  on  a  relation  between  the 
subgrid  stress  and  the  resolved  deformation  rate  but  In  this  case 
the  eddy  viscosity  is  defined  as 

Km  =  0  (4) 

where  e  is  the  subgnd  energy  A  sep^'ate  equation  for  the  jubgrid 
energy  is  formulated,  which  is  then  solved  along  with  the  other 
equations  of  the  large-eddy  mor.el  (Moeng,  1984)  If  we  simplify 
the  subgrid  energy  equation  to  a  balance  between  shear  production 
and  dissipation  we  may  derive  a  representative  value  for  C,.  In 
case  of  the  subgnd  model  of  both  Moeng  and  Nieuwstadt,  we  Rnd 
C,  =  0.18, 

Schumann  adopts  the  most  complicated  subgnd  model  It  is  a 
second  order  closure  model,  in  which  the  following  simpliScations 
are  made.  Only  for  the  subgnd  energy  a  full  equation,  includ¬ 
ing  time  derivatives  and  transport  terms,  is  solved  In  the  other 
equations  of  the  subgnd  model  these  terms  are  neglected  More¬ 
over,  the  production  terms  in  these  equations  are  limited  to  the 
isotropic  part.  As  a  result  the  subgnd  model  can  be  expressed  as 
a  decoupled  algebraic  system  of  equations,  which  can  be  explic¬ 
itly  solved  For  further  details  we  refer  to  Schmidt  and  Schumann 
(1989),  where  it  is  also  derived  that  their  representative  value  for 

c,  IS-  c.  =  o  m. 

Another  detail  of  the  subgnd  models  which  vanes  between  the 
four  codes  is  the  formulation  of  the  mixing  length.  In  the  interior 
of  the  boundary  layer  all  four  authors  take  the  mixing  length  /  pro¬ 
portional  to  a  characteristic  grid  sire  A  Moeng  and  Nieuwstadt 
use  the  geometric  mean  A  =  (Ai  ApA^)‘/^  whereas  Schumann 
takes  the  arithmetic  average-  A  =  (A*-|-Ap-I-  As)/3  Mason  uses 
a  non-umform  grid  and  he  provides  no  explicit  expression  of  A  m 
terms  of  the  gnd  spacing. 

Fhrthermoret  Mason  and  Schumann  allov  t  to  become  propor- 
tional  to  height  when  the  surface  is  approached.  Nieuwstadt  takes 
this  effect  into  account  through  a  different  parameterization  of  the 
dissipation  term  in  the  equation  for  c  near  the  surface 

Finally,  Mason,  Moeng  and  Nieuwstadt  Uimt  the  mixing  length 
to  a  smaller  value  in  stable  conditions.  This  plays  for  instance  a 
rois  in  (he  stabla  layer  above  the  boundarv  layer. 

Nevertheless,  we  shall  see  that  the  most  important  parameter 
influencing  the  effect  of  the  subgrid  model  is  C,  and  perhaps  to 
a  lesser  extent  the  Prandtl  number  Pt  For  convenience  we  have 
collected  these  parameters  in  table  1 

Numerics 

The  models  of  Mason,  Nieuwstadt  and  Schumann  use  a  full  stag¬ 
gered  grid.  This  meant  that  the  veloaty  components  are  defined 
on  the  sides  of  the  rectangular  grid  volume  with  the  pressure  in 
the  centre.  Moeng  uses  staggering  only  m  the  vertical  direction, 
so  that  in  her  model  all  variables  ate  defined  on  the  same 
position 

The  subgrid  energy  e.  used  m  the  subgnd  models  of  Moeng, 
Nieuwstadt  and  Schumann,  is  also  defined  in  the  centre  of  the  gnd 
volume  This  means  that  in  these  models  the  exchange  coefficients 
are  located  on  the  same  position.  Mason  adopts  a  different  view 
and  collocates  the  exchange  coefficients  with  the  u;-pomt  to  avoid 
vertical  averaging  of  s-derivatives 

The  resolved  temperature  is  governed  by  an  advection-diffusion 
equation  Therefore,  the  most  obvious  location  for  the  tempera- 
ture  IS  the  centre  of  the  gnd  volume.  This  view  is  taken  by  all 
partidpants  except  Nieuwstadt,  who  stores  the  temperature  at  the 
tu-point.  His  argument  is  to  avoid  vertical  averaging  of  tempent- 
ture  in  the  w-equation,  where  buoyancy  is  the  dominant  forcing 


term. 

Next  we  consider  the  numerical  schemes.  With  respect  to 
time  advancement  Moeng  and  Schumann  use  the  Adams-Bashford 
scheme,  whereas  Mason  and  Nieuwstadt  employ  the  leap-frog  me¬ 
thod  The  leap-frog  scheme  is  unstable  for  the  diffusion  terms 
Therefore,  the  latter  authors  resort  for  these  terms  to  the  simple 
forward  Euler  scheme 

Mason  and  Nieuwstadt  treat  the  advection  terms  by  the  Piac- 
sek  and  Williams  scheme  This  is  a  second-order  method  designed 
to  conserve  variances.  Schumann  uses  standard  second-order  dif¬ 
ferencing  All  three  authors  take  second-order,  central  differencing 
to  solve  the  diffusion  terms  Moeng  adopts  a  somewhat  different 
approach.  She  uses  a  pseudo-spectral  method  to  calculate  all  hori¬ 
zontal  derivatives  and  a  finite  difference  technique  to  calculate  the 
vertical  derivative  To  avoid  aliasing  errors  m  the  pseudo-spectral 
technique  all  Fourier  expansions  are  truncated  beyond  the  wave 
number  2/3  kma* 

All  four  authors  use  a  mixed  fast-Founer  and  finite  difference 
technique  to  solve  the  Poisson  equation  for  the  pressure. 

Bounaary  conditions 

In  all  four  models  horizontal  boundary  conditions  satisfy  period¬ 
icity.  However,  differences  are  found  in  the  specification  of  the 
verrical  boundary  conditions 

At  the  lower  boundary  the  vertical  velocity  w  is  set  equal  to 
zero.  For  the  horizontal  velocities  one  resorts  to  Momn-Obuhkov 
similarity  This  means  that  a  relation  is  specified  between  the  sur¬ 
face  stress  and  the  horizontal  velocity  in  the  first  grid  cell.  Fur¬ 
thermore,  it  is  assumed  that  the  velocity  and  stress  are  parallel. 

The  models  of  Mason,  Moeng  and  Schumann  specify  the  tem¬ 
perature  flux  at  the  surface  Surface  similarity  is  then  used  to  ob 
tain  the  surface  temperature  T,  from  the  temperature  calculated 
in  th->  centre  of  the  first  gnd  volume.  Nieuwstadt  has  to  adopt 
a  different  procedure,  because  he  defines  the  temperature  at  the 
location  of  the  tt>-variable.  He  then  uses  surface-layer  similarity  to 
specify  a  relationship  between  the  surface-temperature  flux  and 
the  temperature  difference  across  the  first  grid  cell.  Note  that  in 
convective  conditions  the  temperstiire  profile  near  the  surface  is 
strongly  curved.  This  curvature  cannot  be  resolved  within  the  first 
grid  cell  As  a  result  the  subgnd  exchange  coefficients  in  Nieuw- 
stadt’s  model  are  revised  in  relation  to  the  standard  surface-layer 
expressions. 

With  respect  to  the  upper  boundary  condit.ons  all  four  models 
agree  on  stress  free  conditions:  i.e.  du/Bz  =  dv/Bz  =  0  Fur¬ 
thermore  the  temperature  gradient  at  the  top  of  the  calculation 
do.nain  is  set  equal  to  the  gradient  T,  which  is  prescribed  in  the 
initial  conditions  as  the  temperature  gradient  above  the  boundary 
layer 

There  are  however,  some  important  differences  in  the  treat¬ 
ment  of  the  vertical  velocity  at  the  upper  boundary  The  goal  is 
to  avoid  reflecting  gravity  waves  from  the  top  of  the  model.  Moeng 
and  Schumann  prescribe  a  radiation  boundary  condition  which  al¬ 
lows  gravity  waves  to  propagate  out  of  the  calculation  domain 
Mason  uses  an  expanding  grid  near  the  top  of  the  calculation  do- 
mwn  in  conjunction  with  a  damping  layer  Nieuwstadt  also  uses 
a  damping  layer  (but  no  expanding  gnd).  The  role  of  the  damp¬ 
ing  layer  is  to  dissipate  gravity  waves  before  they  can  reflect  back 
into  the  boundary  layer.  This  is  accomplished  by  adding  to  the 
equations  of  motion  in  the  upper  part  of  the  calculation  domain  a 
relaxation  term.  This  relaxation  term  then  damps  fluctuations  at 
time  scales  larger  than  a  prescribed  relaxation  time  scale  Nieuw¬ 
stadt  takes  the  relaxation  time  scale  equal  to  50  s  at  the  highest 
calculation  level  The  relaxation  time  scale  in  his  model  is  then 
increased  by  a  factor  of  5  at  eKh  computation  level  for  the  next 
9  levels  down. 

Calculation 

The  calculaticms  are  performed  m  a  rectangular  domain.  Its  hor¬ 
izontal  dimensions  are  6400  x  6400  The  vertical  domain  size 
is  2400  m  for  the  computations  of  Moeng,  Nieuwstadt  and  Schu- 


Mason 

Moeng 

Nieuwstadt 

Schumann 

40 

40 

40 

40 

N, 

68 

48 

40 

40 

Lr,  L,  (m) 

6400 

6400 

6400 

6400 

L,  (m) 

8000 

2400 

2400 

2400 

A(  (s) 

0  65 

3 

4  48 

10  96 

Tepu  (») 

23  55 

1  15 

0  86 

1.33 

Storage 

0.64 

0  53 

1  75 

2.3 

Computer 

IBM  3084 

Cray-YMP 

Cray-XMP 

Cray-YMP 

Ar 

20000 

4000 

2750 

1100 

N, 

40 

10 

4 

10 

l^bie  2\  Several  5{attstic5  of  the  compuiattone;  Ac,  Ny,  Ng  num¬ 
ber  of  gnd  points  m  the  two  horizontal  and  the  vertical  directions, 
Lg,  Ly,  Lg  ■  horizontal  and  vertical  size  of  the  computation  do¬ 
main;  ^t:  Umestep;  Tcpv-  CPU  <mie  per  time  step;  Storage, 
core  storage  m  M  words,  Nj  -  total  number  of  time  steps  to  cal¬ 
culate  the  time  period  0  <  t/U  <  ll;  number  of  tmesteps  used 
m  the  calculation  of  averages 

maiin  and  800Um  for  the  compuiation  of  Mason  (remember  that 
the  latter  author  uses  a  non-uniform,  expanding  grid  in  the  upper 
part  of  the  calculation  domain). 

To  limit  the  ccmputatiunal  effort  for  this  comparison  study 
we  took  only  a  modest  number  of  grid  points.  All  authors  use 
40  grid  points  for  both  horizontal  directions.  This  implies  a  hor¬ 
izontal  grid  spacing  of  A*  =  Ay  =:  160  m  In  the  vertical  di¬ 
rection  Nleuwstadt  and  Schumann  use  also  40  grid  points  so  in 
their  case  As  s  60  m  Moeng  takes  48  grid  points  which  implies 
Az  s  SOm.  As  mentioned  before  Mason  specifies  a  non-uniform 
grid  with  68  grid  points.  Near  the  surface  his  grid  spacing  is 
Az  =  20  m  and  within  the  boundary  layer  a  typical  grid  spacing 
amounts  to  Az  =  80  m.  Near  the  top  'if  the  boundary  layer  the 
gnd  spaang  is  again  reduced  to  about  Az  s  30  m  The  grid  then 
expands  to  Az  &  250  m  towards  the  top  of  the  calculation  domain. 

Convection  is  driven  by  a  constant  temperature  flux  at  the 
surface  of  Q,  s<  w'V  >o=  O-Oe/fme"*  This  flux  is  directly 
prescribed  at  the  surface  in  the  models  of  Mason,  Moeng  and 
Schumann  The  model  of  Nieuwstadt  requires  a  different  proce> 
dure  because  the  heat  flux  is  not  defined  at  the  surface  due  to 
the  w-location  of  the  temperature  variable.  In  his  case  a  constant 
temperature  increase  was  prescribed  at  the  surface  with  a  mag¬ 
nitude  of  (dr/d<)o  =  0.16A  hour"'  With  this  value  of  ((f7’/d()o 
the  temperature  flux  varied  slightly  during  the  caiculaticm,  say 
between  0.061  if ms“'  and  0.058  Ams”'.  However,  averaged  over 
the  whole  calculation  period  the  temperature  flux  was  found  to  be 
equal  to  0.06  if  ms"'. 

The  calculations  were  set  up  in  such  a  way  that  boundary-layer 
height  would  reach  a  value  in  the  neighbourhood  of  1600  m  There¬ 
fore,  we  introduce  as  a  scaling  height  z,o  =  1600m.  We  can  now 
define  a  convective  velocity  scale  w.g  as-  u».o  = 

The  gravitational  acceleration  g  is  taken  here  to  be  gs  O.Slms"’ 
and  the  reference  tem.verature  To  =  300  if  A  temperature  scale 
can  now  be  defined  as  T.0  =  and  a  time  scale  as  f.  = 

z,o/w,o  With  the  values  of  z,o  and  Q,  mentioned  above,  w»o 
becomes  equal  to  1  46ms~',  Tm  equal  to  0  041 K  and  U  ~  109ds 

Note  that  in  most  presentations,  to  be  discussed  m  the  fol¬ 
lowing  section,  we  shall  use  instead  to  scale  the  results  This 
variable  is  called  the  convective  velocity  scale  defined  by 

(5) 

where  z,  is  a  local  boundary-layer  height  That  means  a  boundary- 
layer  height  repiesentative  for  the  time  period  for  which  the  results 
are  evaluated  This  local  boundary  layer  height  has  in  principle  a 
different  value  for  each  calculation. 

Other  parameters  of  interest  are  the  constant  temperature 
gradient  F  above  the  boundary  layer.  This  was  specified  to  be 
r  =  0.003  ifm"'  Furthermore,  the  roughness  length,  whicn  en¬ 
ters  the  surface  similarity  relationships,  is  taken  to  be  zo  ~  0.16  m 
The  deitsit/  p  haa  been  normalized  to  1  kg 

As  initial  conditions,  we  prescribe  the  following  profiles  for  the 


Figure  1.  The  total  kinetic  energy  vertically  averaged  across  the 
6otindnrp-/oyer  height  as  a  function  of  dimensionlejs  time 


temperature  T  and  the  three  velocity  components  ti,  t»,  u>. 

For  z  <  z,i  =  0.844z,o 

T  =  To  +  01r(l-— jPrf 

U)  s  0lf(l-  — )ui,o 
*ll 

U  =  V  S  0 

and  for  z  >  z,{ 

T  =  ro  +  (z-z,i)r 
u  =  V  s  U'  S  0 

In  these  equations  r  stands  for  a  random  number  uniformly  dis¬ 
tributed  between  -0.5  and  0  5 

In  individual  calculations  these  iiutial  profiles  are  sometimes 
sUghtly  modified.  For  instance,  Nieuwstadt  prescribes  for  the  hor¬ 
izontal  velocity  components,  v  and  v,  at  the  lowest  gnd  cell  the 
value  O.OXru’.o  to  avoid  problems  with  the  surface-layer  similanty 
relationships.  Furthermore,  be  increases  the  temperature  at  the 
surface  hy  2  K  with  respect  to  the  value  ipeufied  by  the  profile 
above  Finally  the  subgrid  energy  is  in  his  model  initialized  with 
the  profile  pr.>posed  by  Schmidt  and  Schumann  (1989) 

Starting  from  these  initial  profiles  we  ran  our  models  with  a 
constant  forung  Q,  for  a  period  of  lOf.  It  was  expected  that 
after  this  period  turbulence  would  reach  a  quasi-stationary  state 
Next,  calculations  were  continued  for  10  <  t/U  <  11-  Within 
this  time  interval  various  quantities  were  calculated  as  averages 
over  Nt  timesteps.  These  are  the  quantities  which  we  shall  discuss 
ID  the  following  section  It  also  means  that  our  results  have  been 
averaged  over  only  one  time-scale.  As  we  shall  see,  this  ii  too  short 
to  obtain  stable  statistics  especially  for  the  higher  order  moments. 

fbr  further  information  we  have  summarized  In  table  2  various 
statistics  of  the  four  computations. 

Results 

Firs*,  we  consider  whether  our  simulations  have  indeed  reached  a 
state  of  quasi-stationary  turbulence.  To  that  end  we  have  plotted 
in  figure  1  the  kinetic  energy  averaged  across  the  boundary  layer 
as  a  function  of  the  dimensionless  time  t/t.  Note  that  we  have 
plotted  the  total  energy,  i.e  the  resolved  plus  subgrid  contribution 
The  energy  quickly  grows  in  the  initial  phase  of  the  computation 
After  an  overshoot  it  settles  towards  a  constant  value,  which  can 
be  interpreted  as  reaching  a  state  of  quail-itationazy  turbulence. 
In  the  case  of  Mason’s  computation  the  overshoot  occurs  at  a 
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Figure  2'  Tht  Umptnlurt  fltix  profile  as  a  functton  ofdtmeMton^ 
less  height  2/2,0 


later  time  and  it  is  also  larger  than  for  the  other  models.  We 
bebeve  this  to  be  due  to  the  larger  value  of  in  Mason's  subgrid 
model,  which  leads  to  a  rapid  initial  loss  of  energy  from  the  random 
perturbations.  The  fact  that  Moeng's  results  are  somewhat  larger 
than  the  other  calculations  seems  to  agree  with  her  data  for  the 
variances  to  be  presented  later 

Another  proof  of  quasi-stationarity  is  given  10  figure  2,  where 
we  show  the  profile  of  the  temperature  flux  averaged  over  the 
time  period  10  <  t/t»  <  11  as  a  function  of  dimensionless  height. 
Quasi'Stationarity  should  lead  to  a  linear  temperature  flux  profile 
in  the  boundary  layer  This  is  very  well  satisfled  by  all  models. 

Another  well-known  property  of  the  convective  boundary  layer 
is  that  the  mean  temperature  is  approximately  constant  over  most 
of  the  boundary  layer.  This  is  corroborated  by  the  calculated 
temperature  profiles  (not  shown).  As  additional  information  on 
the  temperature  proflie  we  give  in  table  3  the  value  of  the  surface 
temperature  Tt  calculated  at  f/f.  s  11. 

The  contribution  by  the  subgrid  heat  flux  is  small  except  near 
the  surface,  where  subgrid  effects  should  dominate  by  definitioa. 
The  anomalous  value  of  the  temperature  flux  near  the  surface  in 
Schumann’s  model  should  be  disregarded  because  it  is  the  result 
of  using  interpolations  for  statistics  but  upwmd  fluxes  m  the  sim¬ 
ulations. 

Near  the  top  of  the  turbulent  boundary  layer  we  observe  a  neg¬ 
ative  temperature  flux.  It  results  from  the  fact  that  the  boundary 
layer  grows  into  the  stable  layer  above.  This  process  !s  called  en¬ 
trainment.  The  minimum  value  of  the  temperature  flux  is  defined 
as  the  entriunment  flux,  -  <  >,  Its  value  for  the  four  models 

is  given  in  table  3.  Note  that  the  magnitude  of  this  entrainment 
flux  varies  considerably  between  the  four  computations  As  the 
entrainment  flux  is  largely  resolved,  this  must  be  a  property  of 
the  individual  models  However,  we  cannot  offer  at  this  stage  an 
explanation  of  this  behaviour  in  terms  of  the  model  parameters. 


Mason 

Moeng 

Nieuwstadt 

Schumann 

^l/Z|0 

1  0663 

1  0312 

1  0688 

1  0900 

W./UfaO 

1018 

1010 

1.022 

1029 

-  <  tt'9'  >,  IQ, 

0.147 

0.106 

0.118 

0.188 

T,(K) 

302  908 

301  527 

302.542 

302.6 

Table  3  The  actual  boundary-layer  height  2,,  the  convective  ve¬ 
locity  scale  w,  and  the  entrainment  temperature  flux  -  <  n/0'  >, 
representative  tor  the  time  period  10  <  t/t,  <  11,  the  surface 
temperature  T,  calculated  at  t/t,  =  !!• 


Figure  3r  The  vanance  of  vertical  velocity  fluctuation  os  0  function 
of  dimensionless  height  2/2,;  plotted  ts  the  total  vanance  {resolved 
plus  subgndj  and  the  subgrid  contnbuiton 


F\irthermore  we  note  that  Schumann's  model  predicts  the  larg¬ 
est  entrainment  heat  flux  This  is  partly  due  to  the  fact  that  his 
model  calculates  a  considerable  subgrid  contribution  to  the  en¬ 
trainment  flux.  The  explanation  for  this  result  lies  in  his  formula¬ 
tion  of  the  subgrid  mixing  length  t  Remember  that  Schumann's 
subgrid  model  uses  a  mixing  length  which  is  not  limited  by  stabil¬ 
ity  Therefore  it  will  lead  to  larger  subgrid  fluxes  near  the  top  of 
the  boundary  layer 

The  boundary-layer  height  2,  is  defined  as  th^'  height  where 
the  entrainment  temperature  flux  occurs  Its  value  for  the  four 
models  is  entered  in  table  3  The  height  of  the  boundary-layer 
seems  to  correlate  positively  with  the  value  of  the  entrainment 
flux.  As  already  mentioned  in  the  previous  section  we  shall  use 
this  actual  boundary-layer  height  to  scale  the  calculation  results 
of  each  model.  In  connection  we  will  also  use  w.,  defined  by  (5) 
Its  value  is  also  entered  m  table  3. 

Variances 

In  figure  3  we  present  the  variance  of  the  vertical  velocity  fluctu¬ 
ations  as  a  function  of  2/2,.  We  have  plotted  in  this  figure  both 
the  total  variance,  i  e.  resolved  plus  subgrid,  and  the  subgrid  con¬ 
tribution. 

The  subgrid  model  of  Schumann  allows  a  direct  estimate  of  the 
subgrid  contribution  to  <  >  Moeng  and  Nieuwstadt  calculate 

the  subgrid  energy  e.  They  then  assume  isotropy  so  thai  for  the 
subgrid  contribution  to  <  >  results  2/3e.  Mason  estimates 

the  subgrid  energy  from  the  following  diagnostic  relationship 

e  =  a-W(l-Rv). 

where  Rt/  =  gf[ToPT)^ldxlS^  is  the  flux  Richardson  number 
The  constant  0  is  taken  as  0.3  The  contribution  to  <  >  is  then 

calculated  by  the  same  method  as  used  by  Moeng  and  Nieuwstadt. 

The  agreement  between  the  four  models  is  clearly  excellent 
Only  Mason’s  model  exhibits  a  slightly  different  profile.  The  other 
models  only  differ  in  their  prediction  of  the  maidmum  value  of 
<  > 

We  have  plotted  in  figure  3  alio  some  observations  obtuned 
from  laboratory  experiments  (Willis  and  Deardorff,  1974  and  Dear- 
dorff  and  Willis,  1986)  and  from  atmospheric  field  tests  (LenKhow 
et  al.,  1980)  It  seems  that  the  differences  between  the  four  models 
are  smaller  than  the  scatter  in  the  experimental  data.  It  is  there¬ 
fore  not  possible  to  conclude  from  this  figure  which  model  gives 
the  best  simulation.  We  will  see  that  the  same  statement  applies 
to  other  comparisons  with  observational  data. 
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Figure  4.  The  vanance  oj  horizontal  velocity  fluctuation  <u  afunc- 
fion  of  dimennonleee  heiyht  z/z„  plotted  u  the  total  vanance  (tt- 
zolved  plue  zubgndj  and  the  eubgnd  contnbution. 
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Figure  5  The  third  moment  of  the  verTicai  velocity  fluctuations  as 
a  function  of  dimensionless  he.ght  zjz^ 


In  figure  4  we  show  a  dimensionless  plo,  oi  the  total  horizontal 
velocity  variance  and  its  subgrid  contribution.  The  subgrid  con¬ 
tributions  are  calculated  by  the  same  method  as  discussed  above 
for  figure  3 

In  this  case  diffetences  between  the  four  models  are  somewhat 
larger  but  they  be  still  within  the  scatter  of  the  observations,  also 
shown  in  this  figure. 

Points  to  be  noted  are.  Mason's  model  shows  a  strong  Increase 
towards  the  top  of  the  boundary  layer  Moeng’s  profile  exhibits  a 
md-layer  maximum,  which  we  bebeve  to  be  unreabstic.  It  explains 
her  somewhat  larger  values  of  the  boundary-layer  averaged  energy 
found  in  figure  1.  Finally,  the  results  of  Nieuwstadt  show  a  large 
i^ue  of  the  variance  near  and  even  above  the  boundary-layer  top. 
fhis  is  caused  by  his  upper  boundary  condition,  aldJ-  uses  a 
damping  layer  It  seems  that  the  damping  layer  fails  to  remove 
nuctuations  sulficlently. 


In  figure  5  we  show  the  dimensionless  profile  of  the  third  mi 
of  the  vertical  velocity  fluctuations  This  variable  i.  strons 
fluen«d  by  the  thermal,  in  the  convective  boundary  lay! 
boundary  layer  consisting  of  isolated  thermMs  with  inside  tl 

TZTsl'f 

tnoineot  fts  found  ju  5. 

The  agreement  between  the  four  model,  1,  quit,  accenta 
view  of  the  obser^tion.  which  are  also  shown  fn  ibelTh 
The  models  of  Moeng,  Nieuwstadt  and  Schumann  lead 
rm^ti«  value  of  <  u.^  >  „ear  the  surface,  Th.TZide^t 

Z  I  <<<>»‘><ft»ft.  become  stri 

Schum'^'^  “O  Schmidl 

“■«  background  of  neg 
value,  of  <  1^  >  more  detail  They  conclude  that  it  is  a 
sequence  of  the  aubgnd  mode] 

Energy  budget 

The  kinetic  energy  budget  of  turbulence  in  a  quasi-staPonarv  con 
vective  boundary  layer  reads  »«tionary  coo- 


0  -  <  wV  >  >  -pi  <  ,  (gj 

where  we  have  omitted  shear  production  term,  which  i,  zero  in 
this  case  because  <  u>=  0  •-■'.u  lo  zero  in 


The  first  term  in  (6)  denotes  the  production  of  kinetic  energy 
by  buoyancy  forces.  This  production  is  balanced  by  the  viscous 
Awipation  c.  Its  vertical  profile  is  given  in  figure  6.  The  agreement 
between  the  four  models  is  exceUent  Mason’s  calculation  shows 
again  a  maximum  near  the  top  of  the  boundary  layer.  Moreover, 
we  8«  that  near  the  surface  the  e  calculated  by  the  models  of  Mo- 
eng,  Nieuwstadt  and  Schumann  increaae  very  rapidly.  The  model 

and  Schumann 

(1989)  have  pointed  out  that  such  rapid  increase  oft  usuaUy  goes 
together  with  a  negative  third  moment  near  the  surface  (see  e  g. 
figure  S).  We  have  also  evaluated  the  transport  terms  from  the 
four  simulations.  They  show  only  minor  differences. 

Spectra 

IB  figure  7  we  show  the  spectra  of  the  resolved  vertical  veloc¬ 
ity  fluctuations  at  three  levels  m  the  boundary  layer.  Remember 
that  Moeng  uses  a  spectral  cut-off  to  avoid  abasing  in  her  pseudo- 
spectral  method.  Therefore,  her  spectra  stop  beyond  wave  number 


Figure  6:  The  dissipation  of  turbulent  kinetic  enemy  as  a  function 
of  dimensionless  height  z/s, 


1 
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Figure  7.  The  spectra  of  the  resolved  veritoal  velocity  fiuctualtons 
at  three  levels  tn  the  boundary  layer 

kz,Q  s  22  whereas  the  other  spectra  continue  until  kZto  s  29.84  (in 
the  figures  the  spectral  values  at  the  last  wave  number  kz^o  s  31  41 
have  been  omitted). 

The  spectra  of  Muon  have  clearly  a  much  steeper  slope  at  bgh 
wave  numbers  than  the  spectra  calculated  by  the  other  models. 
This  must  be  no  doubt  an  effect  of  the  subgrid  model. 

However,  we  point  to  the  fact  that  in  figure  7  the  spectra  of 
all  models  are  again  very  close  at  low  wave  numbers,  i  e  Jis,  <  10 
This  should  not  come  u  a  total  surprise  because  it  consistent  with 
the  good  i^treement  for  the  variances  between  all  four  models. 
Nevertheless,  it  supports  the  fundamental  premise  of  large-eddy 
modelling,  which  we  have  stressed  in  our  introduction:  the  large 
eddies  do  not  depend  strongly  o:i  the  details  of  the  subgrtd  model. 

Finally,  we  should  note  that  none  of  the  spectra  seems  to  follow 
the  well-known  -2/3  slope  of  the  inertial  range.  However,  there 
is  some  evidence  (see  e.g  Schmidt  and  Schumann,  1989)  that 
at  higher  horizontal  resolution  than  40^  the  spectra  become  more 
realistic. 

Discussion  and  conclusion 

Our  compailson  of  four  large-eddy  codes  hu  shown  clearly  that 
large-eddy  simulation  leads  to  a  generally  consistent  picture  of 
convective  turbulence  despite  differences  in  many  details  of  the 
models  This  fact  should  strengthen  our  confidence  m  the  realism 
of  the  simulated  turbulence. 

However,  at  this  stage  such  statement  can  only  be  made  for 
large-eddy  simulation  of  convective  turbuience  In  other  words, 
convective  turbulence  seems  to  be  a  rather  easy  case  for  large- 
eddy  simulations.  A  relatively  coarse  resolution  as  used  in  this 
calculation  is  able  to  represent  much  of  the  salient  charactens- 
tics  of  convective  turbulence.  Shear  turbulence  seems  to  be  more 
challenging  test  case  for  large-eddy  modelling  Therefore,  we  are 
contemplating  to  perform  a  similar  comparison  study  for  the  neu¬ 
tral  boundary  layer 

As  far  as  differences  between  the  models  are  concerned,  the 
four  models  seem  to  fall  into  two  categories  with  Mason  in  the  one 
and  Moeng,  Nieuwstadt  and  Schumann  in  the  other  (However,  in 
the  latter  group  the  models  of  Nieuwstadt  and  Schumann  seem  to 
agree  slightly  better).  The  most  obvious  support  for  this  distinc¬ 
tion  into  two  groups  is  given  by  the  results  for  the  tu-spectra  shown 
in  figure  7  In  addition,  Mason’s  model  leads  also  frequently  to  a 
different  shape  of  the  vertical  profile  lo  comparison  with  results  of 
the  other  models.  Examples  are  figures  3, 4  and  6. 


To  explain  these  differences  we  consider  first  the  influence  of 
the  subgrid  model  The  main  difference  of  Mason's  subgrid  model 
with  respect  to  the  others  lays  in  the  value  of  the  constant  C« 
(see  table  1)  To  test  the  effect  of  C,  Mason  has  rerun  his  model 
with  a  value  of  Cj  =  0  23  At  the  same  time  he  changed  to  an 
equidistant  grid  within  the  boundary  layer  with  a  representative 
verlic^  grid  spacing  of  45  m  However,  it  is  expected  that  the 
effect  of  the  equidistant  versus  non-uniform  grid  will  be  minimal 
Therefore,  the  new  results  will  primarily  reflect  the  influence  of  Ct 
in  Mason’s  model. 

We  found  that  for  this  new  calculation  Mason’s  results  are 
much  closer  to  the  other  models  The  spectra  for  all  four  models 
agree  now  very  well  at  the  higher  wave  numbers  while,  as  expected, 
agreement  at  the  low  wave  numbers  is  hardly  affected.  This  latter 
fact  supports  the  fundamental  hypothesis  of  large-eddy  modelling 
the  large  eddies  are  insensitive  to  the  details  of  the  subgrid  model 
Furthermore,  it  seems  that  the  smaller  value  of  C,  also  leads  to 
somewhat  weaker  thermals  in  comparison  with  the  calculations  at 
C,  =  0.32  As  a  result  the  vertical  profiles,  which  for  the  case 
of  Ct  =  0.32  frequently  exhibit  a  maximum  near  the  top  of  the 
boundary  layer,  are  now  much  closer  to  the  results  of  the  other 
models.  Therefore,  we  may  conclude  that  most  of  the  differences 
between  the  two  categories  of  models,  as  introduced  above,  can  be 
explained  by  C« 

Another  result,  which  follow  from  our  study,  is  that  the  up¬ 
per  boundary  condition  should  be  formulated  in  such  a  way  that 
gravity  waves  are  not  reflected  from  the  top  of  the  boundary  layer 
Otherwise  we  should  expect  to  see  increased  values  of  the  variance 
above  the  boundary  layer  However,  increased  variances  above  the 
boundary  layer  do  not  seem  to  influence  the  simulation  results  in¬ 
side  the  boundary  layer  Nevertheless,  we  recommend  the  use  of  a 
radiation  condition  as  upper  boundary  condition,  which  lets  grav¬ 
ity  waves  propagate  out  of  the  domain.  It  seems  to  work  very  well 
and  it  is  less  expensive  than  an  increase  of  the  vertical  computa¬ 
tion  domain  together  with  an  expanding  grid. 

Other  differences  between  our  four  models  which  seem  to  have 
had  hardly  any  effect  on  the  calculation  results,  are*  the  numerical 
methods,  the  details  of  the  staggered  grid  and  the  details  of  the 
lower  boundary  condition.  Fbr  instance,  there  seems  to  be  no 
advanta^  m  applying  a  pseudo-spectral  method.  Also  the  use  of 
a  non-uniform  versus  an  equidistant  grid  seems  to  have  negligible 
influence. 

Acknowledgement 

U  Schumann  is  grateful  do  Dr  Jutta  Graf,  who  cooperated  with 
him  in  this  project  F.T.M  Nieuwstadt  acknowledges  discutsioaa 
with  J.  Eggels  and  H  Cuyperi 

References 

Deardorff,  J.W.  1974  Three  dimensional  numerical  study  of  tur¬ 
bulence  in  an  entraming  mixed  layer  Boundary 'Layer  Met 
7,  199-226. 

Deardorff,  J  W  jc  Willis,  G.E  1985  Further  results  from  a  lab¬ 
oratory  model  of  the  convective  planetary  boundary  layer 
Boundary-Layer  Met  32,  205-236. 

Lenschow,,  D  H.,  Wyngaard,  J.C  &  Fennel,  W.T.  1980  Mean- 
field  and  second-moment  budgets  in  a  baroebme,  convective 
boundary  layer  j  Atmos  Set  37,1313-1326 
Mason,  P.J.  1989  Large-eddy  simulation  of  the  convective  atmos¬ 
pheric  boundary  layer.  J,  Atmos.  Sci.  46, 

Moeng,  C.-H.  1984  A  large-eddy  simulation  for  the  study  of  plan¬ 
etary  boundary  layer  turbulence.  J.  Atmos  Sci.  41,  2052- 
2062. 

Nieuwstadt,  F  T  M.  1990  Direct  and  large-eddy  simulation  of  free 
convection  Proc  9th  Interna  Heat  Transfer  Conference, 
Jerusalem  19-24  August  1990,  Amer  Soc  Mech.  Engrg , 
Vol  I,  37-47. 

Schmidt,  H.  &  Schumann,  U  1989  Coherent  structures  of  the  con¬ 
vective  boundary  layer  derived  from  large-eddy  simulations. 
J  Fluid  Meek.  200,511-562. 

Willis,  G.E  &  Deardorff.  J  W  1974  A  laboratory  model  of  the 
unstable  planetary  boundary  layer,  y  Atmos  Sci  31,1297- 
1307. 


1-4-6 


EIGHTH  SYMPOSIUM  ON 
TURBULENT  SHEAR  FLOWS 
Technical  University  of  Munich 
September  9-11,.  1991 


2-1 


BURSTS  AND  SOURCES  OF  PRESSURE  FLUCTUATION 
IN  TURBULENT  BOUNDARY  LAYERS 

J.F.,  Morrison*  and  P*  Bradshaw* 

*  GEC  ALSTHOM  Turbine  Generators  Ltd.,  Aerodynamirs 
Group,,  Barton  Dock  Road,,  Manchester  M31  2LD  U.K 

°  Thermosnences  Divn.,,  M.t.,  Dept.,.  Stanford  University  C.A.  94305-3030  U.S.A. 


ABSTRACT 

A  four-wi-e  array  in  a  flat-plate, 
zero-pressure-gradient  turbulent  boundary  layer  is 
used  to  make  low-wave-number  measurements  of  the 
spanwise  components  of  the  quantities  which  appear 
as  source  terms  in  Poisson's  equation  for  the 
pressure  fluctuation.  These  source  terms, 

referred  to  as  "splat"-  and  "spin",>  are  analysed  by 
use  of  the  VITA+LEVEL  conditional  sampling  scheme 
and  the  results  are  correlated  with  the  local  wall 
pressure. 

The  results  show  that  the  period  be -ween 
successive  ejections  and  sweeps,  and  the  period 
between  successive  splats  and/or  spins  both  scale 
with  VISCOUS  variables  with  wall  variables), 

suggesting  that  high-wave-number  pr<»ssure 
fluctuations  trigger  the  bursting  sequence. 

NOMENCLATURE 

e  stress  tensor 

streamwise  wave  number 
L  event  length  *  L(t/5tXU. fit 

L  event  period  (length  between 

^  successive  events)  -  equation  (4) 

N  number  of  samples 

p  fluctuating  pressure 

Re^  Reynolds  number  based  on  momentum 

thickness 
t  time 

T  total  record  time 

u°  wall  friction  velocity 

U  free-stream  velocity 

U,u,V,v,W,w,;  mean,  fluctuating  velocity  components 
in  X  (streamwise)  y  and  z  directions 
respectively 

Y  fraction  of  time  for  which  sampling 

criteria  are  satisfied  (identity 

ratio) 

boundary  layer  thickness 
St  time  sampling  interval 

c  turbulent  energy  dissipation  rate 

*'  Kolmogorov  length  scale 

<  von  Karman  constant 

V  kinematic  viscosity 

p  density 

Kolmogorov  velocity  scale 
vorticity  vector 

Superscripts 

'  root  mean  square 

*  non-dimensionalized  by  wall  variables 

INTRODUCTION 

Poisson's  equation  for  the  p.'essure 
fluctuation  in  turbulent  flow  shows  tnat  the 
pressure  fluctua+'ion  at  a  point  is  obtained  by 
integration  over  the  entire  velocity  field 
(Townsend  1976  p.43).  A  Green's  function  solution 


for  the  pressure  at  a  point  in  the  flow,  or  for 
the  wall  pressure  in  a  wall-bounded  flow  indicates 
which  areas  of  the  velocity  field  contribute  most 
•■o  the  pressure.  Using  data  from  a  direct 
numerical  simulation  of  turbulent-channel  flow, 
Km  U989)  shows  that  although  large  contributions 
to  the  instantaneous  pressure  at  one  wall  can  come 
from  sources  near  the  far  wall,  contributions  to 
the  mean-square  wall-pressure  fluctuation  drop  off 
rapidly  with  their  distance  from  the  wall  (see 
also  Kraichnan  1956).  An  alternative  approach  for 
detecting  pressure  sources  used  in  the  past  has 
been  to  measure  a  narrow-band-frequency  convection 
velocity  of  the  wall  pressure  and  assume  that  the 
associated  pressure  source  in  the  boundary  layer 
is  convected  at  the  local  mean  velocity  (see  Bui) 
1967,^  Bradshaw  1967,;  Wills  1970). 

The  right-hand  side  of  Poisson’s  equation 
can  be  split  into  rotational  and  irrotational 
components. 

*  |£  = 

(see  Aris  1962  p.97,  Bradshaw  and  Koh  1981),  which 
although  not  unique  (Adrian  1982),.  is  physically 
meaningful  with  (in  part)  measurable  terms. 
Equation  (1)  describes  the  generation  of  pressure 
fluctuations  in  terms  of  two  distinct  agencies 
the  first  term  on  the  right-hand  side  (referred  to 
as  "splat")  represents  eddy  'collisions'-  existing 
near  saddle  points  in  the  instantaneous 
stream-function  pattern  leading  to  a  positive 
pressure,  while  the  second  term  (referred  to  as 
"spin")  represents  large  local  vorticity  implying 
a  rapidly  rotating  eddy  with  a  negative  pressure 
near  the  axis  of  rotation.  The  present  work  uses 
this  decomposition  together  with  the  VITA+LEVEL 
.conditional  sampling  scheme  (Morrison  et  al .  1989) 
to  detect  peaks  in  the  splat  and  spin  signatures 
immediately  above  a  wall-pressure  transducer  in  a 
flat-plate,  zero-pressure-gradient  boundary  layer. 
Correlation  of  these  sources  witn  the  wall 
pressure  isolates  their  contribution  to  it. 

Kim  and  Lee  (1989)  have  shown  that  the 
instantaneous  pressure  fluctuation  from  splat  and 
spin  contributions  are  very  nearly  equal  and  of 
opposite  sign  because  e  .e  is  very  nearly  equa’ 
to  Wj .'  However,-  the'^pr4sent  work  shows  that 
there  are  important  differences  between 
instantaneous  splat  and  spin  contributions  (at 
least  in  their  spanwise  components  as  measured 
here),  most  notably  nea.'' where  an  "ejection"  (u<0,' 
v>0)  or  "sweep"  (u>0,’  v<0)  occurs.'  The  detection 
of  ejections  and  sweeps  by  use  of  the  VITA+LEVEL 
conditional  sampling  scheme  operating  on  the 
instantaneous  uv  signature  has  previously  been 
reported  by  Morrison  and  Bradshaw  (1909)  and 
Morrison  et  a).  (1991a).,  Morrison  et  al.  showed 
that,-  although  ejections  are  viscous  structures, 
they  are  part  of  a  larger  inertial  structure  which 
IS  the  true  universal  constituent  of  near-wall 
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motion.  They  railed  these  inertial  structures 
"bursts",  a  more  precise  extension  to  the 
definition  originally  proposed  by  Kim  et  al. 
(1971),'  and  showed  them  to  be,  in  fact,  Townsend's 
,(1976}  "attached"  eddies.  They  lurtrer  showed 
that  sweeps,  wliich  together  with  ejections  effect 
most  of  the  universal  part  of  spectral  energy 
transfer  in  the  logarithmic  region,  are  also 
visrous  structures,  but  that  in  this  case,  the 
associated  inertial  structures  are  large 

'detached'-  eddies  which  make  the  major 

contribution  to  inactive  motion  (Townsend  1961, 
Bradshaw  1967)  m  the  inner  layer.  These  large 

eddies  were  also  called  splats  because  that  part 
of  the  inactive  motion  caused  by  pressure 
fluctuations  is  generated  by  the  "splatting" 
mechanism  (Mom  and  Kim  198?):  thus  the 

definition  of  a  splat  used  he»'e  is  a 
generalization  of  that  used  by  Mom  and  Kim  in 

which  a  large  eddy  collides  with  its  instantaneous 
mirror  image  at  the  wall. 

EXPERIMENTAL  ARRANGEMENT 

The  measurements  were  made  on  the  floor  of  a 
914  mm  X  914  mm  closed-circuit  wind  tunnel, 
specifically  chosen  because  of  its  quietness  and 
low  vibration.  At  the  traverse  position,  3.8  m 
from  the  boundary  layer  trip,,  the  integral 
parameters  are.  Re^  =  14,500,  68.2  mm,  U 

=  32.8  ms”*  and  «  1.09  ms”  .  The  hot-wire 
probes,  anemometers  and  data  recording  equipment 
were  all  standard  instrumentation,  as  outlined  in 
Morrison  et  al.  (1989).  The  signals  were  recorded 
on  analogue  tape  and  then  digitised  for  subsequent 
processing  In  this  case,-  six  channels  of  data 
were  used  for  which  the  effective  real-time 
sampling  rate  was  68,986  sample/s  per  channel.- 

''all-pressure  fluctuations  were  measured 
using  ENDEVCO  8507-2M1  flush-mounted  transducers 
(0-2  p.s.i.)'  for  which  the  associated  analogue 
equipment  had  a  gain-bandwidth  product  of  6  x  lo'^. 
The  effective  transducer  diameter  is  approximately 
d*  3  90,  The  wall-pressure  signal  was  'backed-off 
by  one  from  a  transducer  rigidly  mounted  in  the 
free  stream  to  monitor  acoustic  resonances,- 
diffuser-induced  disturbances  and  vibration.  For 
further  details  see  Morrison  et  al.  (1991b). 
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Figure  1*  splat  and  spin  signatures  with  identity 
traces.- 

The  present  work  reports  wave-number-limited 
measurements  of  the  spanwise  components  of  strain 
rate  and  vorticity  made  with  a  four-wire  array 
similar  to  that  used  by  Fosa  (1979).-  Two 
single  hot  wires  measure  9u/9y  directly,  while  a 
cross  wire  between  them  measures  9u/3t  and  dv/8t 
using  Taylor's  hypothesis  to  obtain  9u/3x  and 
3v/3x.  The  resolution  in  the  two  directions  is 
set  to  be  the  same,*  Cx  a  4y  »  0  f<6S5 ^ /,j  . 
The  u-component  spectra  of  Morrison  et  al. 
fl991a),  taken  in  the  same  zero-pressure-gradient 
boundary  layer,:  indicate  that  the  centroid  of  the 
energy-containing  range  of  wave  numbers  lies  at 


about  k,y  =  0.18.  Taking  the  low-wave-number 
limit  of  the  locally-isotropic  range  to  be  say,  20 
times  this,  a  worst-case  , (smallest  y)  estimate  of 
the  largest  locally-isotropic  wavelength  is  equal 
to  about  half  the  wire  separation,  4.4  mm.  This 
result  IS  important  in  the  i nterprefat- 1 on  of  t’he 
results  presented  in  the  nexf  section. 
Subramanian  et  al (1985)  discuss  the  resolution 
of  the  velocity  derivatives  in  more  detail.  the 
restriction  of  the  present  data  to  the 
low-wave-number  end  of  locally-isotropic 

turbulence  does  not  preclude  a  qualitative 
analysis  of  the  results. 

3.  results 

In  the  *{x,y)-plane,^ 

Splat-  e*  *  ^/iH 

Ux)  V3y  Uy) 

where  the  last  term  was  omitted  because  it  is 
unmeasurable  with  the  present  wire  array and. 

Spin.  “  2  ^  3V  .  (3) 

Uy  sxi  3y  3x 

Peaks  in  these  signatures  are  identified  by  the 
VITA+LEVEL  algorithm,  see  Figure  1.,  Detection 
occurs  when  the  short-time  variance  and  amplitude 
of  these  signals  exceed  their  thresholds  which  are 
multiples  of  the  conventional  mean-square  and  root 
mean-square  (r.m.s.)  signal  respectively.  The 
thresholds  were  set  by  visual  examination  of  the 
instantaneous  splat  and  spin  signatures  with  the 
corresponding  identity  traces.  Note  that, 
referred  to  principal  axes,  splat  becomes 
(3u/3x)^  +  (3v/3y)*  and  spin  becomes  ?(3u/3y)'  = 
2(3v/3x)*:  thus  approximately,  splats  represent 

large  velocity  changes  along  the  separation  vector 
while  spins  represent  large  velocity  changes 
normal  to  it. 
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Figure  2’  splat,:  spin  periods.  9  ,  splat,,  0  ,,  spin; 
TH  »  0.65.  0  splat;.  TH  »  0.4  , 

Figure  2  shows  splat  and  spin  event  periods 
calculated  as; 

I  =  Uf(l  “Y)  T  +  L(t/«t).6i\  .  '(4), 

P  i-TT-  °  5 

Both  splat  and  sp^n  periods  show  regions  in  which 
they  vary  as  y'*,-  like  the  variation  of  the 
Kolmogorov  length  scale  deduced  by  assuming  local 
equilibrium,  while  the  corresponding  event  lengths 
(not  shown)  are  approximately  constant  with  y  and 
at^iut  one  tenth  of  the  corresponding  event  period. 
Figure  2  also  showt  that  the  variation  persists 
when  splat  periods  are  obtained  u,^ing  a  value  of 
threshold  reduced  by  about  A0%> 

Batclielor  and  Townse.nd  (1956  p.382),  have 
shown  that,-  at  rv6>ric>lJe  iiu.iL>ei»  iiigli  enough  for 
local  Isotropy,  the  mean-square  pressure  gradient 
and  mean-square  viscous  force,  which  depend 
primarily  on  the  small-scale  motion,  are  related 
by  an  expression  similar  to  that  in  isotropic 


turbulencp.,  viz. 
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Figure  3.  sweep ejection  periods.'  #  sweeps:, 
O  ejections  < 


This  shows  rhaf-  tho  mam  ^ont-nbu^lon  to  the 
mean-square  pressure  gradient  romes  from  the 
smallest  eddies,,  as  the  viscous  force  certainly 
does  and  that  it  is  independent  of  Reynolds 
number.  The  result  implies  that  even  the  small 
scale  motion,  presumably  decaying  under  the  direct 
influence  of  viscosity,  is  driven  by  peaks  in  the 
pressure  field  from  other  eddie**,;  and  not  by 
viscous  forces. 

Figure  3  shows  event  periods  generated  by 
application  of  the  VITA+LEVEL  algorithm  to  the  uv 
signature  using  a  threshold  that  is  a  universal 
multiple  of  the  local  value  of  -T3v.  Both  event 
lengths  and  periods  show  a  range  in  the 
loca^-equi  1 1  bnum  region  in  which  they  also  vary 
as  y^  {the  event  lengths  are  discussed  in  detail 
by  Morrison  et  al.  1991a).  These  results  suggest 
that  large  excursions  in  the  pressure  field,; 
generated  by  the  smallest  eddies,,  trigger  the 


Figure  4.  splat-condi tioned  ensemble-averaged  time-histones.  Figure  5:  spin-conditioned  ensemble-averaged  time-histories. 
1  vert,  division  =  0.75  r.m.s.  y/«  =  0.132.  1  vert,  division  s  0.75  r.m.s.  y/6  »  0.132. 
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bursting  sequencP  and  thprpforr  determinp  its 
aveiagp  frequenry,  as  initially  suggested  by  Offen 
and  Kline  (1975)  and  Willmarth  (1975),  but  more 
reeently  by  the  calculations  of  Aubiy  et  al. 
(1988). 

Moreover,  the  largest  pressure  gradients  are 
most  likely  to  occur  In  regions  in  which  a  splat 
fhigh  pressure)  follows  a  spin  (low  pressure)  or 
vice  versa,  and  these  viscous  periods  are  likely 
to  coincide  with  either  ejections  or  sweeps  or 
even  a  combination  of  both  types  of  event.  These 
results  therefore  clearly  suggest  a  burst-sweep 
regenerative  cycle  which  is  similar  to  the  Offen 
and  Kline  model.  In  the  local-equilibrium  region 
nimple  scaling  laws  apply  the  egression  in 
equation  ,(5)  is  proportional  to  ,  so  that, 

where  pressure  changes  occur  over  distances  that 
are  proportional  to  a  ,•  fip'/P  *  ,,  and,  takinr 

t*uj/y,, 

y  3p'  *  (y*)’^  •.  (6) 

“uT  3x 
T  1 

Thus  both  the  r.m.s.  pressure  gradient  due  to 
splats  and  spins  and  the  periods  between  ejections 
and  sweeps,  when  scalei^  with  wall  variables,  are 
proportional  to  (u^i/v)'*  for  a  fixed  value  of  y/6. 
See  also  Morrison  et  al.  (1991b). 

Figures  4  and  5  show  “nsemble-averaged 
time-histories  for  splat  ar  '  spin  events 
respectively,'  where  the  vert.(3l  centre  line 
corresponds  to  the  centre  of  events  and  about 
which  the  ensembles  are  gener-.red.  They  are 
non-dimensionalized  by  the  ccnventional  r.m.s. 
quantities,  The  principal  -I'Afference  between 
splat  and  spin  events  is  the  sign  of  the  large 
peak  in  3v/3x,  as  the  usual  form  of  the  linear  (or 
rapid)  source  term  in  Poisson's  equation  would 
imply,  Quadrant-two  motion  occurs  downstream  of 
the  splat-event  centre  while,  in  the  case  of  spin 
-•vents,,  quadrant-two  motion  occurs  upstream  of  the 


Figure  6  sweep-conditioned  ensemble-averaged  time-histories.' 
1  vert,  division  s  0.75  r.m.s.  y/6  =  0.132. 


event  centre.  Quadrant-four  motion  does  not 
appear  to  be  evident.  The  measured  conventional 
r.m.s.  quantities  show  that  3u  /3  y  I'l  about 
-  2  times  3v'/3x.  thus  vortirity  is  large  and 
negative  in  a  spin  and  strain  rate  is  large  and 
positive  in  a  splat.  The  wall-pressure  ensembles 
are  similar  in  both  cases  although  it  is  positive 
at  the  centre  of  a  splat  but  negligibly  small  at 
the  centre  of  a  spin.  None  of  the  ensembles  change 
significantly  in  character  for  sampling  at  larger 
y/fi. 


Figures  6  and  7  show  sweep  and  ejection 
nsembles  respectively:  in  the  rase  of  ejections, 
the  negative  vorticity  just  before  dete-^ticn 
produces  low  wall  pressure  and  the  positive  strain 
rate  just  after  detection  increases  the  wall 

pressure.  Thus  3p/3x  is  negative  during  an 
ejection  while  3u/3x  is  negligible.  The  wall 
pressure  during  a  sweep  is  dominated  by  the 
effects  of  the  associated  large-scale  splat, 
particularly  at  the  downstream  end  of  the  sweep 
(see  Morrison  et  al.-  1991b)  where  the 

wall  pressure  is  large  and  positive.  Although 

3p/3x  and  3u/3x  are  of  opposite  sign  immediately 
downstream  of  an  ejection,  u  <0  also  so  that 
Bernoulli's  equation  is  not  an  accurate 

approximation  for  these  tuaes.  However,- 

immediately  downstream  of  a  sweep,  u>0  and  3p/3x 
and  3u/ax  are  again  of  opposite  sign  suggesting 
that  here  the  motion  is  primarily  inertial.  Note 
also  that,'  immediately  downstream  of  ejections 
and  sweeps,,  3v/3x  is  large  and  of  the  right  sign 
to  suggest  that  aU  the  linear  term  in 

ay  dx 

Poisson's  equation,  dominates  at  these  time*^. 
These  conclusions  are  corroborated  by  the  spla^ 
and  spin  ensembles.- 

Figures  8  and  9  show  conventional  and 
conditional  correlations  of  velocity  derivatives 
with  the  wall  pressure  non-dimensionalized  by 
conventiona)  r.m.s.  quantities  negative  time 


Figure  7.  ejection-conditioned  ensemble-averaged  time-histories. 
1  vert,  division  =  0.75  r.m.s.  y/6  =  0.132. 
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delay  rorresponds  to  a  positive,  downstream  spin  and  the  pressure-generation  mechanisms 

displacement  of  the  wire  array  with  respect  to  the  probably  involve  non-linear  terms  in  this  case, 

wall  sensor.  The  conditional  correlations  during 

splat  (Figure  8)  and  spin  (Figure  9)  events  are  These  results  suggest  the  presence  of  a 

ex  Tessed  as  a  contribution  to  the  total  cyclic  process  at  the  wall;  a  large  splat 

CO. relation.  Splat  and  spin  correlations  are  both  initiates  an  ejection  which  has  large  negative 

dominated  oy  large  3u/Sy,  which  behaves  similarly  vorticity  (spin)  at  its  downstream  end.  The 

during  splat  and  spin  events  (Figures  4  and  8).  ejection  is  toppled  by  mean  vorticity  (Morrison  et 

Howe./er,  the  major  difference  between  the  two  sets  al .  1991a)  to  produce  a  sweep  further  downstream, 

of  conditional  correlations  lies  in  the  nature  of  During  this  process,  the  'detached'  burst  develops 

the  p^^/3x  correlation  its  positive  value  during  into  the  associated  splat,  which  subsequently 

a  Fplar  together  with  the  large  positive  peak  in  initiates  an  ejection  further  downstream.  This 

the  iv/ix  ensemble  confirms  that  the  rapid  term  In  process  is  very  similar  to  that  described  by  Offen 

the  usual  form  of  Poisson's  equation  doninates  at  and  Kline,  except  that  the  wall-pressure  gradient, 

these  times.  But  in  the  spin  correlation,  pSv/ax  ap/3x,-  is  favourable  beneath  an  ejection  (Figure 

changes  sign  with  a  negative  peaK  at  detection  7),  as  Thomas  and  Bull  (1983)  also  found.  See 

even  though  the  corresponding  3 v/a x  ensemble  also  Morrison  et  al.  (1991b)  for  a  fuller  discussion, 

shows  a  negative  peak,  implying  that  the  wall 

pressure  would  be  positive  even  though  the  4.  DISCUSSION  AMD  CONCLUSIONS 

ensemble  shows  it  to  be  negative.  Therefore  it  is 

unli)<ely  *-hat  the  rapid  term  dominates  during  a  The  VITA+LEVEL  algorithm  has  been  used 

successfully  to  detect  peaks  in  the  instantaneous 


splat  and  spin  signatures.  The  results  show  that 
the  spanwise  components  of  e  ..e  ^  do  not  always 
equal  those  of  Jjw  and  that  tw  times  at  which  the 
differences  are  most  apparent  play  an  important 
part  in  the  bursting  process.  The  period  between 
an  ejection  and  a  succeeding  sweep  (or  vice  versa) 
contains  numerically  large  jv/ix,  which  has  the 
effect  of  producing  large  spin,  small  splat  or 
large  splat,  small  spin  depending  on  its  sign. 
Splat  and  spin  durations  occupy  (exclusively) 
about  lOX  of  the  time  each.  Thus  these  results 
are  not  inconsistent  with  those  of  Kim  and  Lee 
(1989),'  who  showed  that  the  left-hand  side  of 
equation  (1)  is  the  small  difference  between  two 
large  quantities.  The  explanation  is  that 
shear-layer  turbulence  consists  predominantly  of 
vortex  sheets  or  internal  ‘shear  layers'  which 
have  nearly  opposite  e.  and  u  and,  being 
approximately  plane  ^"vith  nearly-stralght 
streamlines,  do  not  contribute  significantly  to 
the  pressure. 

The  exceptions  to  this  general  description 
appear  to  play  an  important  role  in  generating 
pressure  fluctuations  which  drive  the  bursting 
sequence.  These  important  pressure  gtadients  are 
proportional  to  ^  in  the  local  eauilibrium 
region.  Moreover,  the  frequency  of  ejections  and 
sweeps  In  the  local  equilibrium  region  Is 
proportional'  to  when  scaled  with  wall 
variables.  This  calls  into  question  the  accuracy 
of  wall-variable  scaling  for  the 
shear-stress-producing  eddies,-  which  is  usually 
accepted  as  a  consequence  of  wall-variable  scaling 
for  the  mean  motion.  These  results  also  highlight 
the  importance  of  the  higher  wave  numbers  of  the 
uv  cross  spectrum  (or  the  momentum  field  in 
general)  tl.at  overlap  with  the  pressure  gradient 
spectra  which  reach  a  maximum  in  the 
locally-lsotroplc  range  of  wave  numbers. 
Furthermore,'  it  should  be  noted  that  the  present 
measurements  are  at  high  enough  Reynolds  number 
for  the  energy-containing  and  dissipating  ranges 
of  wave  number  to  be  well  separated,-  whereas  in 
Kim  and  Lee's  low-Reynolds-number  simulation, 
these  ranges  are  less  distinct  and  therefore  may 
affect  each  other's  eddy  structure. 
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ABSTRAa 

The  streainwise  evolutwn  of  three  dimensional  structure 
of  an  artificially  induced  vortex  was  pursued  by  measuring 
velocity  and  vorlicity  fields  through  a  simplified 
conditional  sampling.  The  artificial  vortex  developed 
dcwnstream  throu^  ttie  growth,  the  self  preserving  and  ttie 
decay  stages  In  the  growth  stage,  tlie  vortex  grew  up  to 
have  a  horseshoe  sculpture  and  the  vorticity  confined  in 
it  was  increased  downstream  The  grown-up  large-scale 
horseshoe  vortex  reached  about  1 .2fl  m  height.  1  OS  in 
width  and  5  0^  in  streamwise  length  The  vortoi  became  more 
inclined  forward  and  lost  the  ability  of  maintaining  its 
self- similar  construction  m  the  decay  stage.  The  oonvecticn 
velocity  of  the  vortex's  lead  was  0.56(/-  in  the  foregoing 
two  stages  and  was  raised  to  0  851^-  in  the  decay  stage. 
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streamwise.  normal,  and  spanwise  scales  of  a 
large-scale  coherent  vortex,  respectively 
Reynolds  number  based  on  the  momentum 
thickness 

streamwise.  normal,  and  spenwise  oompenents 
of  fluctuating  velocity,  respectively 
time 

local  mean  velocity 

convectwn  velocity  (rf  a  large-scale  vortex 
free -stream  velocity 

streamwise,  normal,  and  spanwisc  coordinates, 
respectively 

integrated  value  of  spanwise  vorticity 
boundary  layer  thickness 
enstrophy 

streamwise.  normal,  and  spanwise  vorticity. 
respectively 


SUPERSCRIPTS 

(  ) '  rms  value 

<  )  awemble- averaged  value 


im'RODUCTION 

Large-scale  coherent  structures  are  thought  to  play 
important  roles  in  momentum  and  energy  transfer  across 
a  turbulent  boundary  layer.  As  Kline  ft  Robinson  (1969) 
sunmarized,  the  large-scale  u-disoontinuity  spcnfcHieously 
observed  m  the  turbulent  bouidBry  layer  reported  Brown 
ft  Thomas  ( 1977) ,  Eckelmann  et  al  ( 1977) .  and  Platuri  ft 
Brodcey  (1978)  and  the  turbulent  bulge  measured  by  Kovasinay 
et  al  (1970)  can  be  related  to  the  large-scale  coherent 
structures  These  observations,  however.,  have  caught  a 
large-scale  coherent  structure  only  by  some  characteristic 
features  and  also  suggest  the  existence  of  a  large-scale 
vortical  motion  in  the  boundary  layer.  Actually.,  many 
vortical  structures,  such  as  an  arch,  a  horseshoe,  or  a 
hairpin,  have  been  proposed  based  on  the  results  of  flow 
visualizatnns  and  hot-wire  measurements,  as  reviev^  by 
Robinson  (1989). 

The  coherent  vortex  has  a  complex  three-dimensional 


configuration  and  appears  randomly  in  time  and  ^oe  n  a 
turbulent  boundary  laya  Moreover.,  its  vortical  structure 
is  ambiguous  buried  in  the  background  liirbulencc  It  is 
difficult  for  the  hot-wire  measurement  to  catch  an  arbitrary 
portion  of  the  vortical  structure  reaching  some  stage  of  the 
vertex's  streamwiae  growth  during  its  lifetime.  As  for  the 
authors'  knowledge,  several  researchers,  such  as  Fiiori^i 
ft  Sato  (1987)  and  Antonia  ft  Bisset  (1991).  have  tried  to 
clarify  the  three-dimensional  structure  of  the  coherent 
vortex  They  gave  the  ccherent  vortex  similar  oonfiguraticos 
like  a  horseshoe,  of  which  the  detailed  features  were, 
however,  still  dependent  upon  the  sampling  conditions 
employed  in  each  measuranent. 

Ibe  hot-wire  measurements  have  given  only  obscure  images 
for  the  large-scale  ccherent  vortex  in  a  turbulent  bouxlary 
layer.  It  is  easy  to  get  a  two-dimensional  image  of  the 
ccherent  vortex  by  flow  visualization.  Usually,  fhotografhs 
on  visualized  planes  can  not  give  so  much  quantitative 
nformaticn.  which  sometimes  causes  the  lack  in  objectivity 
m  the  inte.-pretation  of  ine  observed  results.  With  such 
experimental  difficulties,  it  seems  hopeless  to  pursue 
the  horseshoe  vortex  changing  its  three-dimensional 
configuration  from  its  b*rth  to  death.  Antonia  ft  Bisset 
(1991)  suggested  tfet  there  was  no  way  except  for  numerical 
simulations  to  solve  these  difficulties.  Kim  ,(1987)  and 
Robinson  et  al.  (  1989)  showed  the  vortical  structure  by 
ising  and  DNS  numerical  methods.  Their  results,  however, 
seem  to  have  a  few  doiiits  because  of  the  assumptions  in 
their  calculations,  such  as  the  periodic  boundary 
condition. 

The  present  experiment  aims  to  describe  the  aspect  of 
streamwise  evolution  of  the  large  scale  ccherent  vortex  by 
determining  its  three-dimensional  vortical  structure.  In 
order  to  make  the  detection  by  the  hot-wire  easy,  we  tried 
to  induce  an  artificial  ccherent  vortex  having  the  structure 
sam>=>  as  a  natural  one  in  a  fully  developed  turbulent 
boundary  layer,  as  shown  by  Makita  et  al.  (  1988,  1989). 
The  other  types  of  the  artificial  generation  of  coherent 
structures  were  examined  by  Viets  et  al.  (1981)  and  Gad- 
el-Hak  et  al.  (1986.,  1987)  But  for  Cad  el-Hak  ft  Hussain 
(1986)..  these  works  seem  more  interested  in  the  problem 
of  boundary  layer  control  than  the  detection  of  the 
chdTBCteristic  quantities  of  the  coherent  structures  In  the 
iresent  e)awinmt.  a  seed  of  the  ccherent  vortex  was  formed 
fi  the  lower  part  of  a  fully  developed  turbulent  boundary 
layer.  Concentrated  spanwise  vorticity.  co  i.  was  induced 
there  Ihrou^)  the  injection  of  a  pair  of  fine  swirling  jets 
frem  the  flat  plate  beneadi  The  existence  of  the  spanwise 
vorticity  in  a  natural  large-scale  coherent  motion  was 
reported  by  Platuri  ft  B'-odkey  (1978).  Fukunishi  et  al 
(1987)  ^nwed  the  possdiility  tl^t  a  small  perturbation  of 
the  spanwise  vorticity  placed  in  a  ^lear  layer  grew  qp  to  be 
a  large- •vule  horse^we  vertex,  usme  the  \'ortex  filament 
method.  In  the  present  eo^ierunent,  the  vorticity  seed  was 
observed  to  grow  up  to  be  a  large-scale  horseshoe  vortex 
as  it  drifted  downstream.  The  velocity  vectors  and  the 
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vortK’ity  cx3iTiponi'nts  were  measired  about  the  artificially 
nduced  vortex  to  pursue  the  streamwL'ie  dpvetopmt’ni  of  its 
three  dimensiofml  configuration. 

EXPERIMENTAL  PROCEDURE 

As  rfwwn  in  Fik  I  a  turtiulcnt  boundary  layer  without  a 
pressure  gradieni  was  <levelopod  on  a  smooth  flat  plate  made 
of  glass  aetlleri  in  n  wind  timel  tfst  section  of  0.42x  0  42 
>  b  7  m’  No.  40  sand  rouitifiess  was  posted  near  the  leading 
edge  for  100  mm  in  streamwise  length  The  free-stream 
velocity  f/-,  was  b  m/sec  and  the  tirbutenoe  level  of  the 
free  stream,  u'/Vm,  was  less  than  0  I  X  The  Reynolds 
miTiber  based  on  the  momentum  thidowB.  Ret.  was  about 
1820  at  2  m  downstream  fnm  the  leading  edge  wher^  a  pair  of 
mjoction  slots  was  placed  on  the  flat  plate  The  slots  were 
2  mm  ui  diameter  and  placed  20  mm  apart  from  each  other 
They  were  inwardly  facing  at  the  injection  angle  of  t  45 
deg  Swirlers  were  inserte-J  m  the  conduits  to  the  slots 
As  a  loud  speaker  pump  was  driven,  small  puffs  of  swirling 
j?ts  were  ejected  from  the  injection  slots.  The  puffs  were 
connccled  at  about  Y-  0.26^  (5*40  mm)  above  the  center 
of  the  slots  and  immediately  formod  a  seed  of  a  oiierent 
vortex,  having  a  top  spin  rotation.  The  gianwise  vorticity. 
CO  7.  had  the  same  sign  as  that  of  the  mean  vekxity  gradient 
there  The  volume  of  puffs  per  each  in.jection  was  about  0  1 6 
cc.  and  confirmed  not  to  arfect  the  nwcrosoopic  structure 
of  the  boundary  layer  if  the  jets  were  not  swirled  The 
coordinates  ^'stem  was  set  as  ^lown  in  Pig.  I  etfid  its  origji 
was  at  tlie  center  of  the  slots. 

Measurements  were  made  by  using  an  X-wtre  or  a  triple 
(X)  wire  probe  and  constant  temperatur-  hot-wire 
cifiemometers  The  probes  were  made  of  tungsten  wire  of  2.5 
*/  m  n  diameter  and  their  measuring  'volumes  were  0  7x07 
X  0.2  mm*  (X  -  wire)  and  0.7  x  0.7 x  0.3  mm*  (triple  wire)  The 
triple  wire  was  usod  to  eliminate  the  effect  of  shear  normal 
to  the  X-Z  plane  in  the  simulataneous  measurement  of  u~ 
and  u/-oompanents  The  anemometers  had  a  good  S/N  ratio 
of  more  Oian  72  c£  and  a  frecuency  response  flat  from  DC 
to  about  20  Idfe.  The  data  sampling  was  conditioned  by  the 
raising  of  electric  pulses  to  drive  a  speaker  pump  and 
proper  delay  time  was  taken  to  compensate  the  travel  tune  of 
the  ccherent  vortex  from  the  origin  to  the  measuring  point 
By  the  present  ooerimental  scheme,  any  arbitrary  portion 
of  the  ccherent  vortex  can  be  detected  when  it  reaches  the 
previously  imagined  stage  of  its  streamwise  growth  only 
by  traversing  the  hot-wire  probe.  The  sampled  data  were 
ensemble  averaged  for  1024  times  by  a  I2-bit  d^ttal  signal 
analyar.  The  temporal  resolution  of  the  anaty?cr  was  0.4 
msec.  The  ensemble-averaged  velocity  fluctuations,  <«>.. 
<i/>  and  <iy>.  were  obtained  at  several  streamwise 
positions  between  >f/5=  0  13-45  0  At  each  streamwise 
position,  the  measurement?  were  made  at  14  *■  13  points 


Pig.l  Experimental  setup  (uitt  nun) 


locating  m  cMiry  0  15  stect.  in  both  normal  and  spanwise 
directions.  In  this  way.  ihr  timewise  charts  of  the 
ensemble  averaged  velocity  fu'lds  were  obtained  for  the 
ccherent  structure,  soe  Makita  et  al  (  1989)  The  ensemble 
averaged  values  of  the  vorticity  components.  <a)<>.  <a>v> 
and  <u»r>.  were  numericaHy  calculated  from  these  averaged 
velocities  and  their  distributions  were  mapped  The 
streamwigp  derivative,  d  !,  d  X .  was  obtained  from  the  time 
derivative,  d/dt,  assuming  Taylor’s  frozen  pattern 
hypothesis.  The  error  by  applying  the  Taylors  hypotliesis  on 
the  ^lear  layer  was  almost  negligible  in  the  present  case, 
because  the  contributwn  of  the  term.  d/dt.  was  at  most 
10  X  of  each  ccherent  vorticity  component.  <u>v>  or  <co  ?;> 

SYMMETRY  OF  THE  VORTICAL  STRUCTURE 

Blackwelder  (1988)  pointed  out  that  cohertfit  structures 
‘•''tamed  from  convenlionai  ensemble  averaged  data  were  apt 
to  become  «vmmetncal  even  if  the  individual  realizations  of 
the  coherent  structure  were  asymmetrical  Actually.  Jome  of 
the  recent  nugnerical  (Robinson  et  al.  1989)  and  experimental 
(Antonia  I  Bisset  1991)  studies  showed  that  most  of 
individual  vortices  had  asymmetric  structure  and  the 
symmetric  cne  was  rare  In  the  present  study.,  the  magnitude 
of  the  initially  given  artificial  disturbance  was  in  *he 
same  order  as  the  backgrouxl  turbulence  level  Therefore, 
the  individual  artificial  vortex  was  also  asymmetrical 
strongly  deformed  by  the  background  turtulence. 

Adding  further  sampling  conditions  so  as  to  detect  the 
asymmetry  would  spoil  the  expediency  of  the  present  method 
and  we  can  show  only  averaged  symmetric  images  of  the 
coherent  structure  We  prefer  the  averaged  symmetric 
structure  \s  an  idealized  macrosccpic  model  of  Uw  large- 
scale  coherent  vortex  to  the  individual  asymmetric  one 
Different  from  the  case  of  ssnall-scale  cctwent  vortices 
in  the  inner  layer,  the  large-scale  vortices  involve 
smaller  turbulent  eddies  or  random  velocity  fluctuations 
n  itself  We  assume  that  the  asymmetric  ccnfiguraticn  of 
the  individual  vortex  results  from  the  superposition  of 
the  smaller  turbulent  eddies  cn  the  large-scale  symmetric 
coherent  structure.  We  cwisider  it  more  useful  to  grasp 
the  averaged  structure  m  order  to  clarify  the  dynamics 
of  the  large-scale  vortex  than  to  determine  the  minute 
structure  of  the  individual  vortices  deformed  by  such 
fine-scale  structures, 

RESULTS  AND  DISCUSSION 

1.  SIREAMWISE  EVXUTKW  GF  TT€  LARGE-SCAt£  VORTEX 

Figs.  2a-e  show  the  distributions  of  velocity  vectors 
at  several  streamwise  locations  to  explain  the  aspect  of 
the  streamwise  pvoluticn  of  the  artificial  vort(  Velocity 
field  around  the  artificial  vortex  on  the  T-)  plane  at 
Z/d-  0  is  shown  in  each  figure.  The  abscissa  of  the 
figures  represents  the  time,  t,  passing  from  right  to 
left  The  ri^t-hand  side  also  corTeepords  tc  the  downstj^eam 
side  of  X'direclion  in  each  figure.  Each  arrow  in  the 
figures  denotes  the  relative  vekx:ity  induced  by  the  large- 
scale  artificial  vertex  from  which  the  kxal  mean  vekxity 
of  the  beckgrtxnd  turbulent  boindary  layer  is  si<btracted. 
(<«>.,  <u»,  Kovasznay  et  al  (1970)  and  Brown  % 
IhoTBS  (1977)  flowed  the  velocity  vectors  as  ensembte- 
averaged  velocities  subtracted  the  conv  *ion  velocity 
of  the  coherent  structure,  (<(/+«>-£/«.  <t/>).  Their 
repreaentaten  may  rfiow  the  vortical  motion  more  properly, 
if  the  convection  velocity  of  the  large-scale  vortex  is 
inifcrm  across  the  turtutent  bouidary  layer.  As  described 
later.,  the  convection  velocity  varies  with  the  portion  of 
the  large-scale  vertex.  The  present  method  of  representation 
gives  at  least  the  fluid  mutimi  itiduced  by  the  coherent 
vortex  correctly,  though  It  can  not  give  the  completely 
accurate  image  of  the  vortical  motion  about  the  ccherent 
structure. 

As  diown  in  Fig.  2a.  a  flow  field  overlapped  by  ipward 
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pnd  circulating  fluid  motions  is  observed  at  X/d=0.S 
jjsi  downstream  of  the  injection  slots  Such  fluid  motions, 
directly  induced  by  the  mjectwi  of  the  swirlmg  jets,  have 
iiui  still  formed  a  typical  pattern  of  the  mduced  flow  field 
anxnd  the  ccherenl  vortex.  In  the  further  downstream  region 
of  X/8--  2  5-5,  the  sUmg  tow-speed  outftows  are  obaervipi 
for  K/fi^O.8.  Piitunishi  A  Sato  (1987)  got  a  similar  flow 
pattern  for  a  natural  large-scale  coherent  vortex.  The 
outflow  resembles  to  the  ejection  for  the  natural  small - 
ocale  cctiererit  motion  in  ttie  mnor  layer  (ej?  Wiilmarth  8 
Lu  1972).  The  weak  ctockwise  circulating  motion  existmg  for 
y/d>  0  8  ^lows  the  head  of  the  artificial  vortex.  The  head 
reached  the  outer  edge  of  the  superlayer  at  about  X/S*"  12 
downstream  of  the  slots  and  it  became  a  turbulent  bulge 
(Makita  et  al  1988)  The  momenUffn  in  the  free-stream  is 
entrained  by  such  fluid  motion  The  outward  motion  of 
ttie  upstream  border  (bacic)  ^lows  so-called  the  ‘large-scale 
(i'-scale)  a- discontinuity’  as  observed  by  Brown  8  Thomas 
(  1977).  In  Figs  2b-e.  the  magnitude  and  upward  anglfs  of 
the  arrows  blowing  tow-speed  outflows  decrease  dc^ynstream 
fer  about  Jif/8>2.5.  It  shows  that  the  induced  velocity 
decays  downstream,  and  the  <i/>- component  decays  more 
rapidly.  In  more  downstream  region  of  X/d>  12.  the 
artificial  vortex  becomes  gradually  fragile  and  more 
inclined  forward  as  also  reported  by  Antonia  8  Bisset 
(1991),  keeping  its  size  almost  unaltered,  see  Kigs  2d-e 
The  convection  vetocity  is  known  to  vary  with  the  portion  of 
the  vortex.  Judging  from  the  vetocity  fields,  the  artificial 
vortex  kept  its  coherency  until  about  X/3~45 

Figures  Sa-e  treaent  uhe  contour  maps  of  the  spanwise 
vorticity  component.  <ojt>.  on  the  symmetry  plane  of  the 
artificial  vortex  (2/5-0/ .  If  the  artificial  vortex  has  a 
horse^Kie  configuration,  it  is  shown  by  the  distribution  of 
clockwise  (negative)  vorticity  on  its  symmetry  plane.  At 
X/S-0  5.  the  vorticity  distributes  in  a  quite  complicated 
manner  maintaining  the  effect  of  the  injection  of  the 
swirling  jet  Roughly  speaking,  -<oi  r>  distributes  upper 
side  of  the  structure  of  about  K/d>0.4  and  *<u)r>  is 
observed  for  about  y/5<0  4.  Such  features  of  the 
distributions  tell  us  that  the  induced  vorticity  has  not  yet 
attained  the  self-similar  configuration  of  the  horseshoe 
vortex  there.  The  upper  area  of  -^o>r)  grows  to  be  the  head 
of  a  horasshoe  vortex  as  it  flows  downstream  The  tower  side 
2>  may  be  a  secondary  vortex  induced  between  the  head 
of  the  vortex  and  the  flat  plate  as  suggested  by  Jimenez 
et  al.  (1988).  The  peak  point  of  (o)r>  shifts  upstream 
in  the  artificial  vortex  with  the  outward  growth  of  the 
vortex  downstream,  see  Figs.  3a-d.  This  fact  says  that  the 
vorticity  peak  in  the  large-scale  coherent  vortex  snifts 
downstream  at  the  vetocity  smaller  than  the  drift  velocity 
of  the  coherent  vortex  This  deceleration  of  the  peak  is 
caused  by  the  influence  of  the  self- induced  low-speed 
outflow  shown  in  Figs.  2b-d.  The  profile  of  the  artificial 
vortex  stands  upright  on  the  flat  plate  for  X/d$  2  5.  As 
shown  in  Fig  3d.  the  artificial  vortex  becomes  slightly 
inclined  downstream  with  its  head  reaching  1.2  at 

about  X/3=  14  Fig  3e  shosvs  the  contour  map  ot  X/3=  35. 
far  downstream  region  from  the  slots.  Here,  the  large-scale 
coherent  vortex  is  split  into  small  blocks  before  it  is 
smeared  out  by  the  background  turbulenoe  in  the  final  stage 
of  its  streamwise  decay. 

The  positive  and  negative  spanwise  vorticities  wi  the 
symmetry  plane  (2/5=0)  were  independently  inte&^ted  as 

where  Q  z  denotes  circulation  on  the  symmetry  plane.  The 
streamwise  ntegration  was  converted  from  the  timpwisp  one 
The  streamwise  change  in  liQ  zl  is  plotted  in  Fig.  4.  It 
must  be  noticed  that  l-Qz)  increases  in  almost  propertKn 
to  X/3  in  the  initial  growth  stage  of  about  X/5^2.5. 
The  seed  of  artificial  vortex  seems  to  be  fostered  to  be  a 


Fig  2  Induced  velocity  vectors  amnd  the  artifical  vortex 
on  symetricai  r-y  plane  (2/5=0)  a',  several  streamwise 
locations.  The  magnitude  of  arrow  shown  bottom  of  the 
figures  denotes  0.054/. 
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grown-up  coherent  vortex  having  naturally  receptiLle 
slnxrture  in  the.  turbulent  beuneJary  layer  by  the  velocity 
gradient.,  as  it  travels  downstream  in  the  region  It  .s 
inferred  ihat  the  artificial  vortex  becomes  able  to  act 
as  a  natural  large  'irale  vortex  before  X/d  ?  S.  In  the 
self -preserving  sbige  of  abexjt  \/S  '>  7  ^  die 

of  the  ocherent  voriax  gradually  increases  downstream  but 
I'Q  7I  is  kept  almost  unaltered  In  the  final  decay  stage 
for  X/SZ7  5.  |-QrI  decays  monoUtiously  downstream  at 
the  sk3pe  of  about  - 1 . 

Ihe  convection  velocity.  Uc,  of  the  large-scale  ^rtex 
was  estimated  from  the  streamwise  ^ift  of  the  vort'city 
peak  in  the  head  It  was  about  0  56£/-  in  the  growth  and 
the  self-preserving  stages  In  the  decay  stage.  Uc  was 
raised  to  0  85f/.  which  was  almost  equal  to  the  local  rrmi 
velocity.,  U.  at  the  peak  position. 

Good  ccherency  in  vortical  structure  of  the  large-scale 
vortex  IS  maintained  at  most  until  the  beginning  of  the 
decay  stage.  There,  the  larse-scale  vortex  is  krxisvn  to  play 
some  active  roles  in  the  momentum  and  energy  transport 
acrcss  the  turbulent  boundary  layer  In  the  decaying  stage, 
the  large-scale  vertex  seems  to  become  merely  conveyed 
downstream  cn  the  local  mean  velocity  as  a  weak  structure 
having  only  passive  functions  for  the  transport  process 
The  decay  stage  is  the  longest  in  the  total  lifetime  of 
the  artificial  vortex.  Not  the  gnaller  part  of  the  natural 
tintulent  bulges  ever  observed  in  bcuylary  layers  is.  we 
guess,  such  passive  structure.  The  large-scale  coherent 
structure  is  weakly  organic,  except  for  younger  one.  and 
does  not  play  important  rolls  in  dynamics  of  the  transport 
niExhanism  in  a  tunbulCTit  boindary  layer. 

At  the  beginning  of  the  initial  growth  stage. 
apparently  exceeds  l-Qrl  This  may  be  because  some 
excessive  positive  circulation  is  induced  by  .some  extra 
initial  disturbances,  such  as  the  mass  effect  of  the 
injected  puffs  and  the  backward  motion  of  the  speaker 
pump  in  addition  to  the  direct  secendau'y  induction  by  the 
vortex.  l  +  Q?!  decreases  monotonously  downstream  to  be 
smaller  than  the  negative  value  for  X/dt  1.25  The  fact 
implies  that  it  is  difficult  for  the  excessive  positive 
vortKity  given  to  the  ca/.u  clodwise  vortex  to  papist 
90  long  in  the  turbulent  bjundary  laj'jr. 

2.  IHtEE-DMQ^lCNAL  SmmRE  CF  1\€.  LARGE-SCALE  VORTEX 

As  mentioned  before,  the  artificial  vortex  has  only 
passive  structure  in  the  decay  stage.  Most  of  the  natural 
large-scale  vortices  ever  observed  are,  however,  those 
m  the  decay  stage  To  the  three-dimensional  structure 


r^/^ 


F;s3  Contour  riidPo  wF  bpdhwi&c  vorlinly,  o>,.  cm  F.g  4  Streamwise  evolution  of  circulation.  itQ^l.onthe 

symmetrical  F-Y  plane  iZ/d-  0)  at  several  streamwise  symm<*trical  plane.  #  integrated  for  negative  vorticity, 

locations.  Hatched  area  denotes  distributKin  A  int£?5^tert  for  positive  v(rticity 
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of  the  artificial  vortex,  the  distributions  of  vorticity 
componwts  at  X/8--  14  are  illustrated  with  respect  to 
<a)  7>.  <01  n>  on  the  T-Y  planes  in  Figs  5  6  and  to  <w  »> 
on  the  T-Z  planes  in  Fig.  7.  Though  it  is  already  at  the 
beginning  of  the  decay  stage,  the  cohe'-ent  vortex  still 
holds  the  typical  self -ocnsistent  structure  of  a  horseshoe 
vortex  so  well  The  distribution  of  -<w  j>  in  big  5  shows 
the  head  of  horsedwe  on  the  symmetry  plane.  (Xitside  of  the 
artificial  vortex  at  2/5  =  06.  the  island  of  Kw?)  seene* 
to  be  a  dominant  structure,  which  shows  a  neighbouring 
secondary  vortex  induced  by  the  original  artificial  any 
Different  frtxn  the  case  of  <00?).  the  distributions  of 
+  <  o)  *>  and  ♦<(*)»>  locate  apart  from  the  symmetry  plane  as 
shown  in  Figs.  6  and  7,  respectively  These  distributions 
show  the  existence  of  a  pair  of  the  vortex  tube  inclined 
downstream,  oonstituting  the  legs  of  the  hor^e^ioe  vortex 
The  rate  of  contribution  of  three  vorticity  components  to 
the  total  vorticity  contained  m  the  coherent  vortex  is 
nearly  the  same  among  them  Antonia  8  Bisset  (1991)  obtained 
the  arrangement  of  tne  head  and  the  legs  similar  to  that 
presented  here  for  the  natural  large-scale  vortex 

Three-dimensional  distributions  of  vorticity  vectors 
and  ensemble -averaged  enstrophy.  !  co  I  *  =  <a>  t)* -♦  <a)  t>* 
+  <<*)  7>* .  obtained  from  three  vorticity  components  are 
^wwn  in  Fig  8  and  9 .  respectively  The  vorticity  vector 
show  a  half  view  of  the  horsesnoc  configuration  of  the 
large  scale  vortex  cut  by  ttie  symmetry  plane  Kim  (1987) 
obtained  a  similar  configuration  for  a  large-scale  vortex  in 
a  parallel  pipe  flow  by  the  numerical  simulation.  The  axes 


Fig. 5  Three-dimensional  distibution  of  spanwise  vorticity. 
u)  r.  at  X/d=  14 .  Hatched  area  denotes  ♦  co  ?  distribution. 


Fig  6  Three -dimensiona!  distibution  of  streamwwe  vorticity. 
oj  X  atA'/5--.  14  Hatched  area  denotes  w  *  distribution 


of  the  vertex  tubes  are  located  at  2/5»  1  0  2  and  inclined 
forwai'd  at  the  angle  of  about  50  deg  to  the  ^lat  plate.  The 
•nclination  angle  is  close  to  the  value  given  by  Head  and 
Bandyopedfiyny  (1981).  But.  the  coherent  vortex  becomes  more 
inclined  in  mi  re  dnwnslre.im  region  as  described  before* 
The  distributKXi  of  ,10  '  stiow*^  that  llie  str  I’ngih  ot  tlu* 

vortical  motion  is  highest  at  the  leg  The  large  scale 
coherent  structure  was  apt  to  be  grasped  as  a  spanwise 
vortex,  as  ebserved  by  PlaUiri  8  Brtxkev  (  1978)  The  present 
result  siiows  that  the  dcirinai't  part  of  the  vortical  motion 
exists  not  at  the  l>ead  diosvn  oy  spanwise  vcrt»(  but  at  the 
iees  of  Oie  hcrscshoc  sculpture 

3.  RaATicN  mvm  m  vcrtkx  am>  m  otter  ooerent 

STSUfTTURES 

We  prepose  a  model  of  the  large-scale  ccherent  vortex  as 
illustrated  m  Fig  10  It  has  a  horseshoe  «5culpture  The 
scales  of  the  horse^Kie  vortex  determined  from  the  vorticity 
were  about  55  in  streamwise  scale.  1 .25  in  height,  and 
5  in  horizontal  span  The  magnituou  of  the  scales  agrees 
well  with  that  ewimfntally  given  for  the  natural  large- 
scale  ccherent  vortex  as  reviewed  by  (Atwell  (1981)  The 
longituair^l  scale  is.  however,  a  little  larger  f  ir  the 
present  case.  The  head  forms  the  turbulent  bulge  in  the 
superlayer  and  the  fluxl  motion  on  the  ipstream  Side  (the 
back)  causes  the  u-discontinuity.  as  described  in  Section 
1  The  large-scale  vortex  ls  known  to  induce  the  ccherent 
motions,  such  as  the  outflow  arouid  the  symn»?try  plane  as 
shown  in  Fig  2d  and  the  ’inrush’  in  the  outside  pa- 1  of 

<U)  r>5 


Fig  7  Thre^  dimcnsiwal  distibution  of  normal  vorticity 
<*>  T.  at  X/d  14  Matched  area  denotes  <0  .  distribution 


Fig  8  Three  dimenswna!  distdxjtion  of  vorticity  \«ctors  at 
X/d=  14 
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the  legs  for  Z/d>Q  4  as  shown  m  the  velocity  fields  at 
Z/d-  0.6  in  Fig  11  The  inrush  representing  the  inward 
motion  of  huSi- speed  fluid  occurs  m  the  layer  lower  than 
the  outflow.  The  Reynolds  stress  is  produced  around  the 
outflow  and  the  inru^  (Makita  et  al  1989) 

Mom  (  1989)  danonstrated  that  the  horseshoe  vortoc  was 
the  universal  configuration  of  the  coherent  structure  in 
the  turbulent  shear  flow.  In  the  same  way,  the  large-scale 
vortex  m  the  outer  layer  and  the  small-scale  one  in  the 
mner  layer  must  also  have  similar  vortical  structure  with 
each  other.  Under  the  assumption,  the  knowledge  of  the 
large-scale  vortex  may  be  helpful  for  understanding  the 
anall -.scale  vortex  because  the  large-acak,  vortex  can  be 
measured  more  minutely  by  a  hot-wire  probe  with  finite 
spatial  resolution  than  the  small-scale  one.  From  the 
present  experimental  results,  the  ejection  and  the  sweep 
around  the  small-scale  coherent  vortex  is  analogous  to 


Fig  9  Three-dimensional  distibution  of  enstrophy.  '  to  i  * .  at 
X/5-  14  Hatched  area  denotes  secondary  induced  vorticity 


Fig  10  ktealizod  model  of  the  largp-scr.Ie  vortex 


y/s 
1  2 


-  t -  t-  ' 

0  05U«  50  msec/div 


Fig  1 1  Induced  velocity  vectors  arfimd  fhe  vctiCa 

cm  the  T-y  plane  at  Z/d^  0  6  at  X/S^  \4  The  magnitude 
of  arrows  are  same  as  those  of  Figs  2 


the  low-speed  outflow  and  the  high-speed  inrush  of  the 
large-scale  horseshoe  vortex  as  follows.  The  ejection  occurs 
around  symmetry  plane  between  the  two  legs,  and  the  sweep 
does  on  the  outside  of  the  legs.  Such  arrangement  of  the 
ejection  and  the  sweep  around  the  coherent  vertex  were  also 
obtained  numerically  by  Robinson  et  al.  (  1989)  The  facts 
give  good  similarity  between  the  coherent  motions  in  the 
outer  and  tfie  inner  layers. 

CONCLUSION 

The  three-dimensional  vortical  structure  of  the  large- 
scale  coherent  vortex  in  a  fully  developed  turbulent 
boundary  layer  was  determined.  The  coherent  vortex  had 
a  horseshoe- like  sculpture  The  turbulent  bulge  in  the 
superlayer  corresponds  to  its  head  and  the  large-scale 
u  disccmtinuity  shows  the  fluici  motion  on  its  back 

Though  the  generation  mechanism  of  the  large-scale 
vortex  could  not  be  made  clear,  the  aspects  of  the  stream - 
wise  development  of  the  vortical  structure  were  understood 
throu^iout  its  growth,  self- preserving,  and  decay  stages  in 
detail  The  large-scale  horse^x®  vortex  kept  its  coherency 
until  Uip  end  of  the  self -preserving  stage  drifting  at  the 
convection  velocity  of  0.56i/».  but  it  came  to  flow 
downstream  cn  the  local  mean  velocity  of  0  85(/-  and  then 
di^^ersed  nto  small  blocks  in  the  decay  stage 
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ABSTRACT 

Measurements  in  boundary  layers  with  ‘moderate’  to  ‘strong’ 
adverse  pressure  gradients  ate  presented  and  discussed  With 
increasing  adverse  pressure  gradients,  the  velocity  profile  in 
V  ~  si’’’  coordinates  lies  below  the  standard  log  law,  thus 
indicating  a  reduction  in  the  thickness  of  the  sublayer  Corre¬ 
spondingly,  the  turbulence  energy  components  as  well  as  the 
Reynolds  shear  stress  peak  in  the  outer  region  of  the  boundary 
layer  Higher-order  moments  of  velocity  fluctuation^  ate  also 
seriously  affected  by  the  adverse  pressure  gradient  In  strong 
adverse-pressure-gtadient  flows,  the  triple  products  of  veloc¬ 
ity  have  completely  opposite  signs  to  those  in  zero-pressure- 
gradient  flows  over  most  of  the  boundary  layer 

NOMENCLATURE 

Cf  =  wall  static  pressure  coefficient 

=  (p-'p..i)i(pKtn). 

H  =  shape  factor,  -f’/fl 

P  =  mean  pressure 

P*  =  dimensionless  pressure  gradient  parameter 
=  f{dT/dx)lpul 

fit  =  Reynolds  number  based  on  momentum  thickness 
=  Tf,9/i' 

S(x)  =  skewness  factor  of  y,  = 

Tf  =  mean  velocity  in  i  direction 

Pe  —  free  stream  velocity 

u,  =  fnction  velocity,  =  •Jr^/p 

u,  u,  u/=  fluctuating  velocity  components  in  s.y  and  z 
directions 

I  =  distance  from  tripping  plate 

y*  =  dimensionless  distance  from  wall,  =  u,j//i/ 

=  Clauser  pressure  gradient  parameter 
=  [S-/T^)<{Pldt 

^99  ~  boundary  layer  thickness 

d",  S  =  displacement  and  momentum  thicknesses 

v  =  kinematic  viscosity 

p  =  density 

T„  5=  wall  shear  stress 


INTRODUCTION 

^  Since  adverse-pressure-gradient  flows  often  occur  in  various 
kinds  of  fluid  machines,  it  is  of  both  fundamental  and  prac¬ 
tical  importance  to  investigaie  the  effects  of  adverse  pressure 
gradients  on  the  characteristics  of  turbulent  boundary  layers 
In  this  paper,  we  present  the  first  report  of  our  study  planed 


to  quantitatively  investigate  the  effects  of  an  adverse  pressure 
gradient  (APG)  on  the  statistics  and  structures  of  turbulent 
boundary  layers  and  to  obtain  the  fundamental  data  which 
provides  a  gmde  for  the  development  and  improvement  of  tur¬ 
bulence  theory  and  modeling 

The  main  objectives  of  the  present  investigation  ate  to  an¬ 
swer  the  following  unresolved  questions  (1)  Does  the  stan¬ 
dard  log-law  in  zero-pressure  gradient  (ZPG)  flows 

7*  “- i  4d  In  !/■* -I- 5  0  (1) 

still  hold  m  APG  flows'^;  (2)  How  do  the  neat-wall  turbulence 
statistics  behave  m  APG  flows’,  and  (3)  How  do  the  higher- 
order  statistics  respond  to  the  APG’ 

There  have  been  several  papers  investigating  the  basic  char¬ 
acteristics  of  APG  flows  For  example,  Samuel  ii  Joubert 
(1974)  and  Cutlet  b  Johnston  (1989)  investigated  the  mean 
flow  and  fluctuating  quantities  On  the  other  hand,  Kline  et 
al  (1967)  and  Lian  (1990)  studied  turbulence  structures  by 
using  flow  visualization  techniques  However,  the  above  men¬ 
tioned  problems  are  still  unsettled.  In  particular,  the  effects 
of  the  APG  on  neat-wall  behavior  of  turbulence  are  totally 
unclear,  which  is  mainly  due  to  the  difficulties  in  measure¬ 
ment  Furthermoic,  a!' bough  we  need  detailed  knowledge  of 
the  relationship  b-'ween  turbulence  structures  j-id  turbulence 
statistics  to  develop  appropriate  turbulence  models  (Robin¬ 
son,  Kline  k  Spalart  1990,  Nagano  k  Tagawa  1988,  1990a, 
1991),  there  have  been  few  studies  on  the  APG  flows  which 
dealt  with  this  subject 


EXPERIMENTAL  APPARATUS 

The  test  section  is  shown  in  Fig.  1  Working  fluid  (air)  flows 
successively  through  the  settling  chamber,  two-dimensional 
contraction,  test  section,  plenum  chamber  and  blower  At  the 
entrance  to  the  settling  chamber,  a  superhigh-performance  air 
Alter  IS  equipped  to  avoid  a  temporal  change  in  hot-wire  re¬ 
sponses  caused  by  adhesion  of  dust.  To  reduce  free-stream 
urbiuence  and  to  establish  a  desirable  two-dimensional  flow 
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field,  special  care  is  taken  in  arranging  honeycomb  and  screens 
in  the  light  of  previous  works  (e  g ,  for  honeycomb,  Lumley 
1964,  and  Loehrke  &  Nagib  1976,  for  screen,  Schubauer  et 
al  1950,  and  Bradshaw  1965),  Thus,  m  the  settling  cham¬ 
ber,  we  installed  one  honeycomb  (cell  size.  4  7  min,  length  50 
mm)  and  five  screens  (mesh  32,  s  w  g  638,  open  area  ratio 
65  4  %).  The  shape  of  wind-tunnel  contraction  is  designed  to 
conform  to  the  requirements  cataloged  by  Uberoi  (1956)  and 
Morel  (1977)  The  contraction  ratio  is  9  1  and  the  cross- 

sectional  area  of  its  exit  is  50  7  mm  x  700  mm  Then,  the 
aispect  ratio  at  the  inlet  to  the  test  section  is  13  8  ‘  1  As  a  re¬ 
sult,  nearly  ideal,  two-dimensional  uniform  inflow  is  obtained, 
whose  free-stream  turbulence  level  is  below  0  1  %  and  velocity 
non-umformitics  in  the  y-  (normal  to  the  wail)  and  z-  (lateral) 
directions  are  within  0  17  %  (2.2  mm  <  y  <  48  5  mm)  and 
0.5  %  (-200  mm  <  z  <  200  mm),  respectively,  under  the 
present  measurement  conditions.  To  generate  a  stable  and 
fully-developed  turbulent  boundary  layer,  a  row  of  equilateral 
triangle  plates  (length  of  one  side  10  mm,  thickness  1  mm) 
IS  located  at  the  inlet  to  the  tei.t  section  The  test  section  is 
composed  of  a  flat-plate  on  which  a  turbulent  boundary  layer 
develops  and  of  a  roof-plate  to  adjust  pressure  gradients  The 
materia]  of  both  plates  is  acrylic  acid  resin  and  its  thickness 
IS  10  mm 

Wall  static  piessures  were  measured  with  a  Gottmgen-type 
manometer  equipped  with  a  rmcroscopc  (measurement  accu¬ 
racy:  ±0.01  mm)  The  pressure  taps  with  0  5  mm  diameter 
are  located  at  20  mm  apart  form  the  centerline  of  the  flat- 
plate  and  at  50  mm  intervals  from  the  inlet 

Velocity  measurement  was  done  with  hot-wire  probes,  i  e  , 
a  handmade  subminiature  (Ligram  k.  Bradshaw  1987)  norm^ 
hot-wire  (dia.  3  1pmilength  0.6  mm),  and  two  types  of  spe¬ 
cially  devised  X-probes  (dia.  3  1  pm,  length,  f  =  0  6  mm  22 
6t//ur;  wire  spacing  Az  =  0  23  mm  a  2  3i'/ur)  All  these 
hot-wires  were  operated  using  constant-temperature  mode  hot¬ 
wire  anemometers  (Hayakawa  Model  HC-30W).  As  a  travers¬ 
ing  mechanism,  we  used  a  finely  adjustable  positioning  device 
equipped  with  a  micrometer,  the  positioning  accuracy  being 
±  0  005  mm.  The  absolute  distance  from  the  wall  is  deter- 
imned  by  measuring,  with  a  telescope,  the  distance  between 
the  real  wire  and  its  reflected  image  on  the  flat-plate. 

All  data  were  recorded  in  analog  form  with  an  FM  data 
recorder  (TEAC  SR-31)  and  then  reproduced  for  conversion  to 
digital  form  The  data  digitized  with  16  bit  anaiog-to-digital 
converter  (Canopus  ADF-16)  were  stored  in  a  40  Mbyte  hard¬ 
disk  unit  (Logitec  LHD-34V)  The  real-time  sampling  fre¬ 
quency  was  34  08  kHz,  and  the  number  of  data  points  per 
measurement  was  262, 144  The  statistical  analysis  of  the  data 
was  performed  on  an  NEC  PC-9801  personal  computer. 


of  the  test  section  and  separated  by  the  uniform  free  stream, 
so  that  we  have  concluded  that  there  exists  no  influence  of 
the  pressure-adjusting  plate  on  the  objective  turbulent  bound¬ 
ary  layer  Also,  as  seen  in  Fig  3,  ideal  zero-pressure-gradient 
(ZPG)  flows  are  formed  in  the  test  section 

It  IS  well  known  that  the  standard  log-law  velocity  profile 
given  by  Eq  (1)  holds  in  ZPG  turbulent  boundary  layers  Be¬ 
fore  starting  the  discussion  on  APG  flows,  we  re-examine  this 
fact  experimentally  We  estimate  the  friction  velocity,  u,,  us¬ 
ing  the  method  similar  to  McEligot  (1984).  Thus,  with  the 
Van  Driest  damping  function  for  the  mixing  length,  we  may 
write  the  velocity  profile  in  the  wall  region  as 


l  +  (l  +  «+’)‘/2 


(2) 


where 

=  (3) 

In  Eqs  (2)  and  (3),  IT^  =  [/ /u^  and  y*  =  u^y/u  are  the 
dimensionless  velocity  and  distance,  where  u,  is  unknown  and 
to  be  determined  On  the  other  hand,  in  the  log-law  region, 
we  have 

y{({Uldy)  =  u,lK  =  -f  (4) 


Here  7  can  be  determined  from  measurement  From  Eqs  (2)- 
(4),  together  with  the  measurements  of  mean  velocity,  we  can 
estimate  values  of  x,  A*  and  Ut  so  that  Eq  (2)  gives  a  best 
fit  to  measurements.  The  optimum  values  are  x  :::  0  41  and 
A*  s  26.5.  The  universal  velocity  profiles  normalized  with 


Fig  2  Velocity  profile  at  the  end  of  test  section 


RESULTS  AND  DISCUSSION 

Since  the  object  of  the  present  measurement  is  concerned 
with  a  boundary  layer  itself  which  develops  on  a  flat-plate, 
this  boundary  layer  should  be  unaffected  by  the  presence  of 
an  opposite  pressure-adjusting  roof-plate  Thus,  we  first  in¬ 
vestigated  a  boundary  layer  formed  on  the  roof-plate  under 
a  zero-pressure  gradient  condition.  The  result  at  a  measure¬ 
ment  location  farthest  downstream  is  shown  in  Fig.  2.  As 
clearly  seen  from  this  figure,  a  highly  uniform  free  stream  is 
formed  over  a  wide  portion  of  the  ch2mnel,  Furthermore,  it  is 
confirmed  that  the  velocity  profile  in  the  boundary  layer  on 
the  roof-plate  ^rees  quite  well  with  the  Biasius’  laminar-flow 
solution  Thus,  this  boundary  layer  (boundary-layer  thick¬ 
ness  5  3  mm)  is  completely  laminar  even  at  the  end 


Fig  3  Development  of  the  pressure  coefficient 
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the  friction  velocity  u,  thus  obtained  are  shown  in  Fig  4  Ob¬ 
viously,  Eq  (1)  is  valid  in  the  log-law  region  Therefore,  it  is 
adequate  to  estimate  the  friction  velocity  by  using  the  estab¬ 
lished  Clauser’s  method  (Clauses  1954),  i  e  ,  the  law-of-the- 
wall  fit,  in  the  cases  of  ZPG  flows.  We  applied  this  method 
to  nine  ZPG  flows  different  in  free  stream  velocities,  and  then 
obtained  nine  friction  velocities,  u.  Figure  5  shows  the  near¬ 
wall  distributions  of  the  apparent  velocities  (=  W„/ur) 
versus  y*  normalized  by  the  friction  velocities  obtained  with 
the  law-of-the-wall  fit  As  clearly  seen  in  Fig.  5,  in  the  vicin¬ 
ity  of  the  wall  {y'*'  <  3  6),  deviates  systematically  from 
the  ‘law  of  the  wall,’  JT*  =  y*,in  the  viscous  sublayer  as  the 
wall  is  approached  In  general,  this  can  be  ascribed  to  the 
wall  proximity  effect  of  hot-wire  outputs  Previous  extensive 
studies  investigating  this  wall  proximity  effect  (for  example, 
Oka  k  Kostic  1972,  Hebbar  k  Melnik  1978,  Bhatia,  Durst 
k  Jovanovic  1982,  Janke  1987)  have  reported  that,  once  mar 
terial  of  a  wall,  and  geometrical  factors  of  a  hot-wire  and  a 
probe  are  given,  the  amount  of  this  deviation  can  be  deter¬ 
mined  universally,  independent  of  values  of  wall  shear  stresses, 
so  that  =  /(y"*").  As  seen  in  Fig  5,  the  apparent  veloci- 
ties  in  the  present  experiments  collapse  very  well  onto  a 
unique  curve  f{y*),  being  consistent  with  the  previous  find¬ 
ings  Therefore,  in  the  following,  we  use  this  --urve  f{y*) 
regardless  of  pressure  gradients  or  wall  shear  stresses,  and  de¬ 
termine  u,  by  using  the  least-squares-fitting  method  to  the 
data  in  the  range  1  1  <  y*  <  5  Consequently,  the  following 


Fig  4  Mean  velocity  profiles  in  zero-pressure- 
gradient  flows 


Fig  5  Near-wall  distributions  of  apparent  velocities 
IT^  in  various  zero-pressure-graient  flows 
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measurements  were  done  with  the  same  probe  as  that  used  in 
this  calibration. 

The  profiles  of  r  m  a  values  of  streamwise,  wall-normal  and 
spanwise  velocity  fluctuations  (Vl?/u„  V^/u,  and  v/uj^/u,) 
ate  shown  in  Fig  6  It  can  be  seen  that  all  of  the  present  re¬ 
sults  in  the  ZPG  boundary  layer  are  in  good  agreement  with 
the  existing  experiments  (Vertiopoulos  1983,  Barlow  k  John¬ 
ston  1986)  and  the  DNS  results  (Spalart  1988),  thus  indicating 
that  the  present  turbulent  boundary  layers  ate  canonical 

Next,  we  shall  present  the  results  of  experiments  on  adverse 
pressure  gradient  (APG)  turbulent  boundary  layers.  The  dis¬ 
tributions  of  Cp  and  d  C^/dx  are  shown  in  Fig.  3,  and  the  mean 
flow  parameters  ate  summarized  m  Table  1  In  the  present 
APG  flow,  the  pressure  gradient  dCpjdz  keeps  a  nearly  con¬ 
stant  value  of  0  6  over  65  mm  <  i  <  700  mm  and  then  de¬ 
creases  slowly  On  the  other  hand,  the  pressure  gradient  pa¬ 
rameter  notmahzed  by  inner  variables  (Huffman  k  Bradshaw 
1972),  (=  t/{dP/dx)/pul),  the  Clauser  pressure  gradi¬ 

ent  parameter,  S  (=  (i  iTjjdTidx),  increase  monotonously, 
thus  giving  ‘moderate’  to  ‘strong’  adverse  pressure  gradients. 

Figure  7  shows  the  mean  velocity  distributions  V*  in  the 
APG  boundary  layers  These  quantities  are  normahzed  by 
the  friction  velocities  obtained  by  using  the  above-mentioned 
method  of  least-squares  curve  fitting,  in  which  corrections 
(Bhatia,  Durst  k  Jovanovic  1962)  were  done  for  the  mean 
velocity  W*  near  the  wall  (y*  <  3.6)  by  subtracting  the  quan- 
Itty  =  fiv*)  -  ^  shown  in  Fig.  5  from  the  apparent 
measurement  JT^  in  APG  flows  This  figure  presents  the  im- 
poitant  findings  that  (i)  m  the  viscous  sublayer,  the  typi¬ 
cal  linear  relationship  Xf*  =  y*  holds;  but  (ii)  in  the  fully 
turbulent  wall  region,  the  velocity  profiles  IT''  deviate  down¬ 
wards  from  the  standard  log-law  profile  given  by  Eq  (1)  The 


Fig  6  R.m  8  velocity  fluctuations  in  zeropressure- 
gradient  flow 
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amount  of  deviation  increases  with  an  increase  of  P*  Using 
Eqs  (2)-(4),  the  procedure  described  previously  was  applied 
so  as  to  crosscheck  the  present  mean  velocity  profiles  As 
shown  in  Fig.  8,  it  was  found  that  the  Von  Karman  constant 
was  unchanged  (k  cr  0  4)  but  the  Van  Dncst  damping  con¬ 
stant  A*  decreased  with  increasing  P*,  which  agreed  well 
with  a  semi-empirical  formula  obtained  by  Kays  (1971)  as. 

A+  =  26/(1 -f  30.18/*'^)  (5) 

The  velocity  profiles  in  17^  vs  coordinates  were  almost 
identical  to  those  presented  in  Fig  7 
These  results  in  the  APG  flows  (P*  >  0)  exhibit  a  striking 
contrast  to  those  in  favorable  pressure  gradient  flows  (P"*^  <  0) 
in  which  the  velocity  profile  deviates  upwards  from  EJq  (1) 
(Blackwelder  t*  Kovasznay  1972,  Spalart  1986)  Kline  et  al 
(1967),  on  the  other  hand,  repotted  that  the  distributions 
lay  above  and  below  the  standard  log-law  according  as  P*^  >  0 
and  P*  <  0  The  marked  difference  between  their  results  auid 
the  present  ones  can  be  attributed  mainly  to  their  oimssion 
of  wall  proxirmty  corrections  to  hot-film  outputs  and  to  their 
over-fitting  of  measurements  to  the  linear  relation  U*  —  y* 
up  to  y*  10  Such  an  over-fitting  may  cause  the  estimation 
of  smaller  friction  velocity  and  result  in  the  upward  devia¬ 
tion  of  TT*  from  the  standard  log-law,  Eq  (1),  even  m  ZPG 
turbulent  boundary  layers  (Blackwelder  k  Haritomdis  1983). 


Fig  7  Mean  velocity  profiles  in  wall  coordinates  in 
adverse-pressure  gradient  flows 


Considering  these  respects,  we  have  concluded  that  the  stan¬ 
dard  log-law,  Eq  (1),  does  not  hold  in  APG  turbulent  bound¬ 
ary  layers  This  accords  exactly  with  the  conjecture  made  by 
Launder  (1986)  Consequently,  this  result  also  serves  a  warn¬ 
ing  on  the  use  of  the  wall  functions  on  which  many  turbulence 
models  rely  (for  detailed  discussion,  see  for  example  Nagano 
&  Tagawa  1990b). 

As  seen  in  Fig  9(a-c),  the  adverse  pressure  gradient  has 
also  a  great  influence  on  the  distributions  of  turbulence  quan¬ 
tities.  As  P*  increases,  all  of  the  velocity  fluctuation  com¬ 
ponents  (V^/u,.,  V^/Uf  and  Vw^fur)  become  remarkably 
large  in  the  outer  region  of  a  boundary  layer.  The  increase 
in  VuT/ur  penetrates  in  the  inner  region  systematically  with 
increasing  P*,  and  the  umversal  profile  of  v/tP/u,  observed 


(a)  Velocity  fluctuations  in  the  streamwise  direction 


(bj  Velocity  fluctuations  in  the  wall-normal  direction 


Fig.  8  Von  Kiimin  and  Van  Driest  constants  in 
adverse-pressure-gradient  flows 
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(c)  Velocity  fluctuations  in  the  spanwise  direction 

Fig  9  Turbulence  intensities  in  adverse-pressure- 
gradient  flows 


in  the  ZPG  flows,  disappears  in  the  cases  of  APG  flows.  As  the 
wail  IS  approached,  the  distributions  of  V^/ur  approach  each 
straight  line  which  coincides  with  the  origin  (Fig  10)  This 
IS  proper  because  the  wall-limiting  behavior  of  u  is  u  oc.  y 
for  0.  However,  the  gradients  of  the  linear  lines  become 
steeper  as  increases  Since  the  wall  law,  IT*  =  holds 
even  in  the  APG  flows  very  near  the  wall,  this  leads  to  a 
larger  wall-hnuting  value  of  the  relative  turbulence  intensity 
vt?/rr  with  increasing  P*,  thus  indicating  that  an  increase 
in  the  dimensionless  pressure-gradient  parameter  P*  makes 
the  viscous  region  more  turbulent  and  energetic 
The  profiles  of  Reynolds  shear  stress,  — are  also  se¬ 
riously  affected  by  the  adverse  pressure  gra^ent.  With  in¬ 
creasing  P*,  —uUjul  increases  in  the  outer  region  as  shown 
in  Fig  1 1  Thus,  It  should  be  noted  that  the  constant-stress- 
layer  relationship  — uu/ti^  ^  1  observed  in  ZPG  flows  is  no 
longer  valid  and  the  turbulent  shear  stress  ^puU  becomes  con¬ 
siderably  larger  than  the  wall  shear  stress  r*,,  i  e  ,  — tH;  >  ti^, 
as  P*  increases  This  too  may  account  for  the  nonexistence 
of  the  universal  law  of  the  wall  in  APG  boundary  layers 
There  is  little  knowledge  of  what  effects  the  adverse  pres¬ 
sure  gradient  produces  on  the  higher-order  turbulence  statis¬ 
tics  Figures  12fa)  and  12(b)  show  the  turbulent  transport, 
i.e.,  third-order  moments,  of  tuf/tlence  energy  component 
and  Reynolds  shear  stress  uv,  respectively  The  marked  ef¬ 
fects  of  the  APG  are  seen  on  both  third-order  moments  Prom 
Fig  12(a),  the  positive  region  ofvu^observed  in  the  ZPG  flows 
for  y*  >  15  disappears  partly  as  P*  increases.  Since  third- 
order  moments  (i  e  .  triple  products)  are  very  sensitive  to  the 
change  of  coherent  turbulence  structures  such  as  ejections  and 
sweeps  (Nagano  k  Tagawa  1988,  1990a),  this  result  suggests 
that  internal  structural  changes  occur  in  the  APG  boundary 
layers  Also,  positive  values  of  m  the  near-wail  to  outer 
regions  indicate  the  existence  of  turbulence  energy  transport 
toward  the  wall  from  the  regions  away  from  the  wall  This 
is  consistent  with  the  results  of  Bradshaw  (1967)  and  Cut¬ 
ler  k  Johnston  (1989)  From  Fig  12(b),  it  is  found  that  a 
similar  inward  transfer  takes  place  in  the  turbulent  diffusion 
of  the  Reynolds  hear  stress  In  particular,  as  P"^  increases, 
turbulent  diffusion  in  the  APG  boundary  layer  occurs  in  the 
completely  opposite  direction  to  that  in  the  ZPG  case 
Thp  structural  change  in  the  higher-order  turbulence  statis¬ 
tics  in  the  APG  flows  may  be  predicted  by  a  ^structural’  tur¬ 
bulence  model  of  Nagano  &  Tagawa  (1990a,  1991). 


Fig  10  Wall-hmiting  behavior  of  in  adverse- 

pressure-gradient  flows 
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Fig.  11  Reynolds  shear  stress  proflJes  in  adverse- 
pressure-gradient  flows 


(b) 


Fig  12  Distributions  of  turbulent  transport  (third- 
order-moments)  in  adverse-pressurc-gradient  flows 


2-3-5 


where  a  circumflex  denotes  the  normalization  by  the  respec¬ 
tive  r  m  6  value,  5(x)  is  the  skewness  factor  of  a  stochastic 
variable  Xi  a>nd  represents  a  sign  function,  i  e  ,  .  :or 

uU  >  0  and  aerp  =  —  1  for  uF  <  0.  As  can  be  seen  from  Figs 
12(a)  and  (b),  Eqs  (6)  and  (7)  well  represent  the  structural 
change  in  the  APG  boundary  layer 

CONCLUSIONS 

The  present  experiment  reveals  that  the  mean  flow  and  tur¬ 
bulence  statistics  arc  seriously  affected  by  increasing  adverse 
pressure  gradients  The  well-known  ‘law-of-the-wali’  estab¬ 
lished  for  flows  with  a  zero  pressure  gradient  does  not  hold 
in  the  adverse-pressure-gradicnt  flows.  This  finding  is  very 
important  since  most  of  the  existing  turbulence  models  in  ap¬ 
plications  are  constructed  on  the  basis  of  the  law  of  the  wall 
Much  more  drastic  change  in  the  structure  of  turbulence  is 
found  in  the  statistics  of  higher-order  moments  of  velocity 


REFERENCES 

Barlow,  R.  S  &  Johnston,  J  P  1988  Structure  of  a  tur¬ 
bulent  boundary  layer  on  a  concave  surface  J  Fluid  Mtch 
191,  137-176 

Bhatia,  j  C  ,  Durst,,  F  k.  Jovanovic,  J.  1982  Corrections 
of  hot-w’re  anemometer  measurements  near  walla  J  Fluid 
Mech  122,411-431. 

Blackwelder,  R.  F.  k  Kovasznay,  L.  S  G  1972  Large-scale 
motion  of  a  turbulent  boundary  layer  during  telaminanza- 
tion  J.  Fluid  Mech  $3,  61-83 

Blackwelder,  R  F  8c  Haritonedis,  J  H  1983  ScaUng  of 
the  bunting  frequency  in  turbulent  boundary  layers  / 
Fluid  Mtch  132,  87-103 

Bradshaw,  P  1965  The  effect  of  wind-tunnel  screens  on  nomi¬ 
nally  two-dimensional  boundary  layers  J  Fluid  Mtch  22, 
679-687 

Bradshaw,  P  1967  The  turbulence  structure  of  equilibrium 
boundary  lasers  J  Fluid  Mtch  29,  625-645 

ClaUSER,  F  H  1954  Turbulent  boundary  layers  in  adverse  pres¬ 
sure  gradients  J  4eronoutic<if  Sciences  21,  91-108 

Cutler,  A  D  &  Johnston,  J  P  1989  The  relaxation  of  a 
turbulent  boundary  layer  in  an  adverse  pressure  gradient 
;  Fluid  Mech  200,  367-387 

Hebbar,  K  S  &  Melnik,  W  L  1978  Wall  region  of  a  relaxing 
three-dimensional  incompressible  turbulent  boundary  layer 
J.  Fluid  Mtch  85,  33-56. 

Huffman,  G.  D.  k  Bradshaw,  P.  1972  A  note  on  von  Kirmin’s 
constant  in  low  Reynolds  number  turbulent  flows.  J.  Fluid 
Meeh  63,  45-60. 

Janke,  G  1987  Hot  wire  in  wall  proximity  In  Advances  in 
Turbulence  (ed  G  Comte-Bellot  k  J.  Mathieu),  pp  488- 
498  Spimgei 

Kays,  W,  M.  1971  Heat  transfer  to  the  transpired  boundary 
layer.  ASME  Paper  No.  71-HT-44. 

Kline,  S  J ,  Reynolds,  W.  C.,  Schraub,  F.  A  &  Run- 
STADLER,  P  W  1967  The  structure  of  turbulent  boundary 
layers  J  Fluid  Mech.  30,  741-773. 


Laltider,  B  E  1966  Low-Reynolds-number  turbulence  near 
walls  UMIST  Dept  oj  Mech  Eng  ,  TFD/S6/4 

LiaN,  Q  X  199  J  A  visual  study  of  the  coherent  structure  of 
the  turbulent  boundary  layer  in  flow  with  adverse  pressure 
gradient  J  Fluid  Mech  215,  101-124 

LlORANi,  P  M.  8^  Bradshaw,  P.  1987  Subminiature  hot-wire 
sensors  development  and  use  J  Physics  E  -  Scientific 
Instruments  20,  323-332 

LoehrkE,  R  I.  &  Naqib,  H  M  1976  Control  of  free-stream 
turbulence  by  means  of  honeycombs  a  balance  between  sup¬ 
pression  and  generation.  Trans.  ASME:  J.  Fluids  Engng9S> 
342-353. 

LumlEY,  j.  L.  1964  Passage  of  a  turbulent  stream  through  hon¬ 
eycomb  of  large  lenglh-to-diametet  ratio.  Trans  ASME  J 
Basic  Engng  86,  216-220 

McEliqot,  D  M  1984  Measurement  of  wall  shear  stress  in  ac¬ 
celerating  turbulent  flows  Max‘Planck-  Institut  fur  Sirom- 
ungsforschung  fGottingen)  Bencht  109 

Morel,  T  1977  Design  of  two-dimensional  wind  tunnel  contrac¬ 
tions  Trans  ASME  J  /'/uids  L'njnp  99,  371-378 

Kaoano,  Y  k  Taqawa,  M.  1988  Statistical  characteristics  of 
wall  turbulence  with  a  passive  scalar  J  Fluid  Mech  196, 
157-185 

Naoano,  Y  k  Taqawa,  M  1990a  A  structural  turbulence 
model  for  triple  products  of  velocity  and  scalar  J  Fluid 
Mech  215,  S39-657 

Naoano,  Y  k  Taqawa,  M  1990b  An  improved  fc  -  r  model 
fo'  boundary  layer  flows.  TVans  ASME  J  Fluids  Bngng 
112,  33-39. 

Naqano,  Y  k  Taqawa,  M  1991  Turbulence  model  for  triple 
velocity  and  scalar  correlations  In  Turbulent  Shear  Flows  7 
(ed  F  Durst  et  a/),  pp  47-62.  Springer. 

Oka,  S.  k  Kosric,  Z.  1972  Influence  of  wall  proximity  on  hot¬ 
wire  velocity  measurements  DISA  Information,  No.  13, 
pp  29-33. 

Robinson,  S  K,,  Kline,  S  J  &  Spalart,  P  R  1990  Quasi- 
coherent  structures  in  the  turbulent  boundary  layer  part  11 
verification  and  new  information  from  a  numerically  simu¬ 
lated  flat-plate  layer  In  Near-Wall  Turbulence  (ed  S  J 
Kline  8r  N  H  Afgan),  pp  218-247  Hemisphere 

Samuel,  A  £  8^  Joubert,  P  N  1974  A  boundary  layer  devel¬ 
oping  in  an  increasingly  adverse  pressure  gradient  J.  Fluid 
Mech  96,  481-505. 

SCHUBAUER,  G  B  ,  Spangenbeho,  W  G.  8^  Klebanoff,, 
P.  5. 1950  Aerodynamic  characteristics  of  damping  screens 
NACA  Technical  Note  2001 

Spalart,  P  S  1986  Numetical  study  of  sink-flow  boundary 
layers  J  Fluid  Mech.  172,  307-328 

Spalart,  P  S  1988  Direct  simulation  of  a  turbulent  boundary 
layer  up  to  A#  =:  1410.  J.  Fluid  Mech  187,  pp  61-98 

Uberoi,  M  S  1956  Effect  of  wmd-tunnel  contraction  on  free- 
stream  turbulence  J.  Aeronautical  Sciences  23,  754-764. 

Verjuopoulos,  C  a  1983  Effects  of  convex  surface  curvature 
on  heat  transfer  in  turbulent  flow.  Ph  D  Thesis,  Imperial 
College 


2-3-6 


3-1 


EIGHTH  SYMPOSIUM  ON 
TURBULENT  SHEAR  FLOWS 
Technical  University  of  Munich 
September  9-11.  1991 


The  Velocity  end  Transverse  Vorticity  Field 
In  a  Single  Stream  Shear  Layer 


J  M  Bruns*.  R  C.  Haw**,  J  F  Foss 
Department  of  Mechanical  Engineering 
Michigan  State  University 
East  Lansing,,  Ml  48824 

*  Exchange  student,  Rhelnisch  Westfalische  Technische  Hochschule  Aachen, 
Federal  Republic  Germany,,  presently  at  the  H  F  I  ,  T  U  Berlin  Berlin  Germany 

**  Presently.  CERL,  Urbana-Champagnc .  Illinois.,  USA 


Abstract 

Hot-wire  measurements  in  a  large  Reynolds 
number  single  stream  shear  layer  are  reported  The 
stochastic  properties  of  this  turbulence  field  are 
found  to  be  self-preserving  beyond  (0)  •>  200 
Stochastic  properties  of  the  transverse  vorticity 
field  clearly  show  that  the  population  of  vorticity 
values  at  a  given  location  are  quite  widely 

distributed  u/Zj _ -  28  at  x/tf(0)  -  347  The 

z  z  max 

Kurtosis  value  is  17  at  the  same  location  These 
measured  ratios , a Ibe i t  large  with  respect  to 
velocity  field  statistics,'  are  known  to  be  too 
small  as  a  result  of  the  spatial  smoothing  of  the  1 
mm  X  1  mm  sample  domain 

1.  Introduction 

Documentary  measurements  have  been  made  in  a 
single  scream  shear  layer  for  a  relatively  large 
value  of  the  turbulent  boundary  layer  at  the 

separation  Up,;  specifically,  R-,  ,  -  7.200  These 

OkO) 

measurements  Include  the  mean  ^nd  rms  velocity 
profiles  at  tha  separation  Up  and  for  Che  upstream 
region:  -20  s  x/$(o)  s  0  Detailed  results  are 
also  availabla  for  the  developing  region  of  the 
shear  layer  <  0  s  x/tf(o)  s  200  and  for  several 
streamwlse  locations  in  the  self-preserving  region: 
200  s  x/Ho)  S  350. 

The  Intrinsic  importance  of  the  single  scream 
shear  layer,  as  one  of  the  basic  turbulent  shear 
flows,  is  considered  to  be  apparent  The  large 
^j(o)  facility  makes  these  data 

unique.  Other  studies  with  a  turbulent  boundary 
layer  at  separation,  e  g  .  Hussain  and  Zaman  (1965) 
and  Wygnanskl  and  Fiedler  (1970)  have  Involved 
small  values  The  present  results  permit 

(among  other  matters)  an  opportunity  to  clarify  the 
earlier  suggestion  (Bradshaw  (1966J)  chat  a 
distance  of  1,000  ^(o)  would  be  required  to  obtain 
a  self-preserving  state.  Specifically,  the  present 
results  Indicate  chat  this  state  Is  achieved  In  a 
distance  of  200  ^(o)  from  the  separation  Up.'  this 
value  is  somewhat  smaller  than  the  400  ^(0)  value 
obtained  by  Hussain  and  Zaman  (1985)  It  is 
instructive  that  this  earlier  study  was  executed 
with  a  much  smaller  Initial  Reynolds  number,  viz., 
^(0)  -  *0° 

Section  2  presents  the  experimental  equipment 
and  procedures,-  the  experimental  results  are 
presented  and  discussed  In  Section  3 

Baparlanitml  Iqulfment  mod  Procedurm 

The  flow  system's  test  section  see  All,  et  al. 
[1985],  and  Haw  and  Foss  {1989J),  Is  shown 
schematically  In  Figure  1.  This  subatnospherlc 
test  section  was  evacuated  by  a  large  centrifugal 
fan  which  delivered  the  combined  entralnaenc  and 
primary  flow  streams  to  atmospharfr  pressure.  Tha 
suDstmospherlc  test  section,  which  Is  unusual  for 
such  a  facility,  permits  the  use  of  turbulencm 
manipulators  in  both  of  these  streams  with  s 
concomitant  low  disturbance  level  In  each.  The 
entrainment  throttles  (not  shown)  were  set  such 
that  dU^/dx  0  in  the  primary  stream. 


Figure  1  also  shows  the  boundary  layer  and  a 
representative  shear  layer  velocity  profile  to 
proper  scale- in  the  flow  field.  An  x-y-5  traverse 
system  was  used  to  calibrate  the  hot-wire  probes  as 
a  function  of  the  pitch  angle  and  to  position  the 
probes  in  the  boundary  and  shear  layers 

Hot-wire  data  were  obtained  with  single  wires 
and  with  a  compact  array  of  4  wires  that  provided 
(u.v)  statistics  when  it  was  used  at  a  low  (200  hz) 
data  race  and  (u.v.hi^)  time  series  when  it  was 

sampled  at  a  high  (20,000  hz)  data  rate  A 
thorough  description  of  the  probe  and  the 
processing  algorithms  is  presented  in  Foss  and  Haw 
(1990)  The  probe  is  shown  schematically  In  Figure 
2  The  data  processing  algorithms  for  this  probe 
provide  u,  v  and  values  which  are  spatially 

averaged  over  Che  1  oas  x  I  mm  sample  domain  For 
reference,  the  9(x)  value  at  the  principal  location 
of  the  measurements  is  89  mm  and  and  the  shear 
layer  itself  is  nominally  68  (or  534  mn)  vide 


Top  View 


Figure  2  Transverse  Vorticity  Probe 

3.  ReaulCe  and  Discussion 
3.1  Boundary  Layer 

An  equation  presented  by  Spalding  (1961)  can 
be  used  as  a  reference  condition.  Hamely, 

l-lcuU  I  (l) 

This  inner  region  profile  can  be  Joined  to  the 
Coles  (1956)  wake  expression.  The  resulting  curves 
ere  shown  in  Figure  3. 

It  can  be  Inferred  chat  Che  near  wall 
differences  between  the  Spslding  and  the  presert 
profiles  are  a  legacy  of  the  tripping  method  The 


The  d(x)  values  permit  an  evaluation  of  the  020- 

constant  dtf/dx  value  in  the  self-preserving  region 
This  value  Is  0.0352  A  control  volume  analysis 
can  be  used  to  derive  the  result  (Bruns  (1990]): 


_  di 
U  dx 
o 


008- 

004- 


X/8(0)  -  139 


in  the  self  preserving  region  of  a  aingle*stream 
shear  layer  Independent  measurements  of  in 

the  same  flow  field  by  All,  et  al  (1983],  showed 
chat 

V 

0  03(1  S  Jj®  S  0  035  (5), 

^O 

The  correspondence  between  and  d8/dx  is 

considered  to  support  both  the  inference  of  a  self 
preserving  state  for  x/^(o)  ^  200  and  the  overall 
integrity  of  the  measurements 
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Figure  6  Streamwise  Variation  of  the 
Momentum  Thickness 

The  corresponding  standard  deviation  profiles 
are  presented  in  Figures  7  and  8  and  the  maximum 

values’  u(x,y  )/U  ,  are  shown  In  Figure  9.  The 
*  max  o  ' 

value  of  0.165  Is  typical  of  other  shear  layer 
results  and  the  attainment  of  this  value  at 
nominally  x/^(0)  -  200  supports  the  Inference  that 
this  location  serves  as  the  nominal  beginning  of 
the  self  preserving  region. 

3.2.2  C.V.  Probe  Results 

The  compact  vortlclty  probe  was  also 

usad  to  evaluate  u  and  u  in  the  shear  layer.  In 
general,  the  results  are  In  good  agreement  with 
those  of  the  single  wlre;«  see  Bruns  (1990J 

Figure  10  presents  the  corresponding  v(x,y) 
results  and  Figure  11  shows  the  measured  and 
computed  Reynolds  shear  stress  magnitudes. 

The  computed  values  are  derived  from  the  self¬ 
preserving  form  of  the  momentum  and  consarvation  of 
mass  equations.  (Mote,-  the  latter  provides  the 
u(»y)  distribution  )  'ihe  measured  values  exhibit 

scatter  about  the  inferred  uv(i;)  distribution 

A  detailed  analysis  of  the  data  record  length 
supports  the  inference  that  tha  differences  between 
the  measured  and  the  computed  Reynolds  stress 
values  can  be  ascribed  to  the  limited  number  of 
independent  samples  in  the  data  record 

4  0  Trsnsrmrse  Vortlclty  Msssureasots 
4  1  Time  Series  Dsts 

A  short,  representativs  record  of  fa»^(x  -347,- 


Figure  7  Standard  Deviation  Profiles  • 
Upstream  Region 
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Figure  6  Standard  Deviation  Profiles 
Downstream  Region 

was  zero  at  that  time.  Haw,  Foss  and  Foss  (1989) 
provide  detailed  analysts  ot  the  Intermlttency 
considerations  for  this  flow  field. 


Oil,  t)  is  shown  in  Fig.  12.  The  quiescent 
perfnd  In  the  neighborhood  of  0  6  sec  is  Inferred 
CO  be  a  period  where  Icrotational  fluid  occupied 
Che  probe's  location.  That  is,  the  intermictency 


Haw,  et.al  [1989]  considered  Che  factors 
which  contribute  to  the  uncertainty  of  the  w^Ct), 

measurements.  It  was  concluded  therein  that  the 
anemometer  noise  level  (ce  1  mv)  the  precision  of 
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rhe  A/D  converter  (1.25  bv).  and  the  standard 
deviation  of  the  calibration  data  cf  the  nodlfled 
CollU  and  Wllliaas  [1959)  fora 


E‘  -  4  (6) 

for  wires  1  •  1...4,  coablned  to  give  an  inherent 
uncertainty  of  ±  SO/sec  in  the  w^lt)  signal. 

This  aagnltude  Is  clearly  quite  snail  with 
respect  to  Che  typical  values  eithlhlted  on  Che 
figure  but  it  is  relatively  large  with  respect  to 
the  aean  value  of  70/sec  for  the  location  of  Fig 
12 

Both  the  uncertainty  and  the  aean  value  are, 
however,  quite  small  with  respect  to  the  standard 
deviation  of  the  w  (C)  distribution,  namely, 

2  ,  ^  , 

lOAB/sec. 


TM  (t) 


lo  exhibit!  t.pld  change.  In  the  .Ign  j 
,  noteworthy  ettribut.  1.  con.ld.r.d  In  the 
lowing. 
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4  2  Inferences  Regarding  the  Vcrticity  Field 

The  vorticlty  vector,  w,  at  the  center  of  the 
probe  location  can,  of  course,  be  represented  by 
three  scalar  coaponenta  The  present  aeasurement, 
if  successful.-  resolves  the  z  conponent  of  this 
vector  In  addition,  it  provides  a  low  pass 
spatial  filter  given  Its  nonlnally  Imaxlaa  spatial 
average  of  the  vorticlty  fllanents  which  pass 
through  the  sample  domain.  This  observation 
suggests  that  the  observed  magnitudes  are 

smaller  than  tha  true  values  that  would  be  observed 
If  a  "point"  measurement  were  better  approximated 
It  Is  appropriate  to  vise  the  Kolmogoroff  scale  as 
nominally  representing  a  "pclnt". 

Foss  [1991]  reports  a  Kolmogoroff  value  of  •• 
0  08  mm  for  the  mid  portion  of  the  present  shear 
layer  at  x/0(O)  •  347.  With  this  value ,>  it  is 
noted  that  nominally  170  "filaments"  contribute  to 
the  observed  value  at  a  given  meaaurcnent  time. 

Each  filament,  however,,  must  satisfy  the  solenoldal 
condition 

V  •  u  -  0,  (7); 

that  •  in  general  •'  implies  that  a  given  vorticlty 
filament  forma  a  closed  loop  In  space. 

The  rapid  and  strong  fluctuations  of  the  sign 
of  can  be  understood  in  this  context  Namely, 

that  the  plane  of  the  probe  alternately  Intercepts 
the  positive  and  negative  t  components  of  the  loops 
that  are  convected  past  the  probe.  It  is  not 
suggested  that  the  alternating  signs  reveal  a  given 
loop  It  is  suggested  that  the  vorticlty  field  la 
represented  by  a  quite  compact  set  of  loops  whose 
large  amplitudes  suggest  the  results  of 

"vorticlty  amplification  by  stretching". ■ 

Specifically,  In  the  transport  equation  for 
the  vorclcicy  vector- 

.  3  •  7^  +  .  (8). 

I  II  III 

It  is  noted  that  term  II  can  Increase  the  magnitude 

of  w  for  e  given  fluid  element  (of  diameter  equal 
to  the  Kolmogoroff  scale)  by  subjecting  the  fluid 
element  to  a  positive  longitudinal  strain. 

The  quantitative  values  of  give  Insist 

into  these  effects  with,  of  course.-  the 
understanding  that  the  observed  values  have  been 
epatlally  averagedi  It  is  of  interest  to  contrast 
this  perceived  understanding  of  the  single  stream 
shear  layer  as  obtslnsd  from  Fig.  12  with  that 
provided  by  vleuallzstlons  of  "large  scale  vortex 
motions” . 

4.3  Stochastic  Improsentstlgiis  of 
4.3.1  iUstogrsas 

The  time  series  date  at  x/#  -  347  have  been 
normalized  as  «^#(x)/U  ^nd  represented  in 

histogram  form,-  see  Fig.  13.  These  histograms 
provide  an  Instructive  representation  of:-  1)  the 
width  of  the  distributions  coiq>aied  with  the  mean 
value  and  11)  that  a  larger  sample  size  would  be 
required  to  permit  the  histograms  to  faithfully 
approximate  the  true  probability  density  functions. 
It  would  be  expected  that  the  p.d  f.'s  would 
exhibit  smoothly  varying  shapes  as  the  source 
location  is  moved  across  the  shear  layer;,  this  is 
nominally  but  not  preclasly  obtainad. 

In  this  regard,  it  is  instructive  to  consider 
the  relative  record  lengths  In  terms  of  "convected 
lengths"  represented  by  the  sample.  The  shear 
layer  width  is  nominally  and  a  "convection 
speed"  of  (11^/2)  can  be  used  for  the  present 

calculation  Given  the  total  sample  time  of  T  - 
3.S  sec..  It  Is  noted  that 

"  T  -  22  75  m  •  43  shear  layer  widths  (9) 


4.3.2  Mean  Values  (w  ^ 

Bruns  [1990]  has  quantitatively  established 
the  expected  result  that  .  that  dv/dx  «  du/dy 
Hence.;  for  u/U^  -  fC*?),.  can  be  computed  given  an 

expresaion  for  £(«;)  Bruns  [1990]  evaluated  the 

values  using  a  modified  error  function  for  fC^r)*; 
see  that  reference  for  these  values.  Again,- 
detailed  differences,  which  can  be  ascribed  to  the 
limited  sample  sizes,  are  evident. 

4.3.3  Standard  Dsrlaticm  Values(tf^) 

Figures  14  and  IS  present  the  normalized 

distributions  and  the  atreamwise  evolution  of  the 
maximum  values  respectively  The  former  shows  that 
the  shear  layer  thlckneaa  defined  ualng  the 
vorticlty  la  clearly  larger  than  Chat  Inferrad  from 
Che  mean  velocity  field  and  the  latter  reveals  chat 

the  maximum  value  (at  a  given  x  location)  -ioas 

nor  scale  on  local  variables  It  is  suggested  that 
the  taxlmum  values  decay  weakly  with  downatraam 
distance. 

If  Che  piobe  weie  able  to  rcsolvA  w  over  a 

z 

domain  of  the  order  of  the  Kolmogoroff  aeale,  the 
measured  standard  deviation  would  be  expected  to 
approach  the  "true"  value  At  present,  the 
quantitative  relationship  between  the  obaerved  and 
the  true  valuea  is  unknown;;  qualitatively,,  it  la 

recognized  that  the  true  values  of  are  larger 
than  those  of  Figures  14  and  IS 

The  Kurtosis  (flatness)  of  the  measured 
distributions  are  nominally  constant  across  the 
active  portion  of  Che  shear  layer.  *3  <  9  <  3 

(See  Bruns  [1990]  for  the  detailed  distribution  ) 


9(0)  /  LI. 


These  values,  ^  17,  show  that  the  measured 
populations  are  very  widely  distributed  l<'r 
reference,  recall  that  a  Gaussian  distribution  has 
a  Kurtosis  value  of  3  0 
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Figure  15  Peak  Values  of  the  w^(x,y,c) 
Standard  Deviation  Profiles 


5.0  StaBMry  end  Conclusions 

Men  velocity  and  standard  turbulence 
quantities  for  a  high  Reynold**  number  single  stream 
shear  layer  are  presented  herein  These  results 
show  chat  a  self -preserving  state  Is  achieved  In  a 
downstream  distance  of  nominally  x/^(0)  •  200  for 
the  high  Reynolds  number  boundary  layer  at  x-O.^ 
namely  -  7,200. 

Transverse  vortlclty  measurements,,  are 

presented  and  interpreted  The  populations 

are  characterized  by  a  large  ratio  between  the  mean 
value  and  the  peak  standard  deviation, 
at  x/ft(0)  -  3^7,  and  momentary  e<cur8ion8  which  are 
quite  large.  The  later  is  quantified  by  the 
<ur..4>si8  values  of  nominally  17 


Th»  "true"  standard  deviation  and  Kurtosis 
values,  i  e  ,  th 'se  which  would  be  provided  by  a 
measurement  domain  nominally  equal  to  the 
KoLoiogoroff  scale,  are  unknown  albeit  they  are 
certainly  larger  than  the  values  reported  herein 
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ABSTRACT 

All  expennient  was  coiiductca  on  the  effects  of  mild 
streamwise  curvature  {6fR  <  5%)  on  the  three-dimensional 
structure  of  a  two-stream  mixing  layer  at  high  Reynolds 
number  ^  2  7  x  10^1  Mixing  Iryers  with  velocity  ratios 
of  0  6  and  laminar  initial  boundary  layers  were  subjected  to 
stabilizing  and  destabilizing  longitudinal  curvature  by  inter¬ 
changing  the  high-  and  low-speed  sides  Measurements  of 
the  mean  and  fluctuating  velocities  were  obtained  on  fine 
cross-plane  grids  at  eleven  streamwise  locations  using  a  ro¬ 
tatable  cross-wire  probe  Well-organized  streamwise  vortic- 
ity  was  generated  m  both  cases  larough  the  braid  instability 
Although  the  vortex  structures  decayed  with  streamwise  dis¬ 
tance  m  both  cases,  the  rate  of  decay  for  the  unstable  case 
was  slower  As  a  consequence  of  that  the  unstable  layer  ex¬ 
hibited  noticeable  spanwise  variations  m  the  mean  velocity 
and  Reynolds  stresses  Both  cases  achieved  linear  growth, 
but  the  rate  of  growth  for  the  unstable  case  was  higher  The 
far-held  spanwise-averaged  peak  Reynolds  stresses  were  sig¬ 
nificantly  higher  for  the  destabilized  case  compared  to  the 
stabilized  case,  which  exhibited  levels  comparable  to  those 
of  a  stiaight  case 


NOMENCLATURE 
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Initial  boundary  layer  shape  factor 
(RUh/iRU)],  Velocity  ratio 
Local  radius 

Mean  radius  of  curvature  at  mid-profile 
Reynolds  number  based  on  length  scale  L 
Mean  velocity  in  the  X  (stieamwise),  Y 
(normal),  Z  (spanwise)  directions,  respectivelj 
Free-stream  velocity  in  the  test  section 
((/2(/)i  -  {RU)2]/R,  Velocity  difference 
across  mixing  layer 

Fluctuating  velocity  components  m  the 
X  V',  Z  directions,  respectively 
Mixing  layer  thickness  (error  function  fit) 
Initial  bound«u‘y  layer  tnickriess 
Initial  boundary  layer  momentum  thickness 
Streamwise  component  of  mean  vorticity 
Maximum  value  at  given  X-station 
(averaged  over  30-70  spanwise  profiles) 

Value  tor  high-speed  side 
Value  for  low-speed  side 


INTRODUCTION 

The  plane  turbulent  mixing  layer  is  a  desirable  free- 
shear  flow  for  fundamental  studies  because  of  its  relatively 
simple  mathematical  description  and  common  occurancc 
in  practice  Although  a  great  d-jal  of  effort  has  been  di¬ 
rected  toward  understanding  the  structure  and  development 
of  mixing  layers,  these  phenomena  cire  not  yet  fully  under¬ 
stood  because  of  their  sensitivity  to  initial  and  bounda*-y 
conditions  (Ho  &  Huerre  1984)  In  particular,  a  mixing 
layer  originating  from  laminar  boundary  layers  on  the  split¬ 
ter  nlwfp  de^'clopc  a  compicx  thice-dmicnsional  structure  in 
the  form  of  streamwise  vorlicity 

The  presence  and  »-ole  of  these  streamwise  structures  in 


a  mixing  layer  at  high  Reynolds  number  {Res  2  5  x  lOM 
were  recently  investigated  by  Bell  Mehta  (1989)  A  plane, 
two-stream  mixing  layer  was  generated,  with  a  velocity  ratio 
of  0  6  and  laminar  initial  boundary  layers  which  were  nom¬ 
inally  two-dimensional  Measurements  of  the  mean  stream- 
wise  vorticity  indicated  that  small  spanwise  disturbances  m 
the  flow  were  initially  amplified  just  downstream  of  the  first 
spanwise  roll-up  (m  the  braid  region),  leading  to  the  forma¬ 
tion  of  strea't'wise  vortices  The  vortices  first  appeared  in 
clusters  contai.ung  vorticity  of  both  signs,  but  further  down¬ 
stream,  they  re-organized  to  form  counter-rotating  pairs 
The  vortex  structure  was  then  found  to  grow  jn  size,  scal¬ 
ing  approximately  with  the  mixing  layer  vorticity  thickness, 
and  to  weaken,  the  maximum  mean  vorticity  diffusing  as  ap¬ 
proximately  l/X^  ®  The  mixing  layer  appeared  to  be  nom¬ 
inally  two-dimensional  in  the  far-field,  “self-sirnilar"  region 
Changing  the  initial  conditions  slightly  {by  interchanging 
the  high-  and  low-speed  sides)  has  also  been  investigated  re¬ 
cently  (Plesniak  ct  al  1991)  and  shown  to  have  negligible 
effect  on  the  turbulence  structure  in  the  far-field. 

It  IS  well  known  that  an  inviscid  instability  occurs  in  any 
curved  flow  where  the  angular  momentum  decreases  awa> 
from  the  center  of  curvature  (Bradshaw  1973)  A  popular 
and  widely  studied  example  of  this  is  the  concave  bound¬ 
ary  laj^er  flow  where  the  instability  results  from  the  no-shp 
condition  at  the  wall  The  instability  leads  to  a  substantial 
increase  in  the  Reynolds  stress  levels  within  the  boundary 
layer  and,  apparently,  to  the  formation  of  Taylor- Gortlcr  roll 
cells  which  appear  m  counter-rotating  streamwise  pairs  with 
an  approximate  spanwise  wavelength  equivalent  to  tu  ice  the 
boundary  layer  thickness  (Barlow  k  Johnston  1988)  On 
the  other  hand,  the  boundary  layer  flow  over  a  convex  wall 
experiences  a  stabilizing  effect  such  that  three-dirnen'>ional 
effects  and  Reynolds  stress  levels  are  suppressed  (Muck  et 
ai  1985)  A  mixing  layer  with  curvature  in  the  streamwise 
direction  ts  expected  to  experience  similar  effects,  the  layer 
IS  subject  to  a  destabilizing  effect  if  the  low-speed  stream  is 
on  the  outside  of  the  curve  and  a  stabilizing  effect  if  li  is  on 
the  inside  of  the  curye. 

The  subject  of  streamwise  curvature  effects  on  mix¬ 
ing  layer  structure  has  received  limited  attention  Margo- 
hs  k  Lumlcy  (1965),  Wyngaard  et  ul  (1968),  Castro  k 
Bradshaw  (1976)  and  Gibson  k  Younis  (1983)  investigated 
curved  single-stream  layers  and  showed  that  curvature  af¬ 
fects  Reynolds  stress  production  and  turbulence  transport 
Wang  (1984)  presented  flow  visualization  and  mean  veloc¬ 
ity  data  for  a  curved  two-stream  mixing  layer  and  showed 
that  stabilizing  curvature  reduced  the  rate  of  spanwise  vor¬ 
tex  pairing  whereas  destabilizing  curvature  promoted  three- 
dimensionality  Plesniak  k  Johnston  (1989)  investigated  the 
role  of  stabilizing  and  destabilizing  curvature  in  suppressing 
or  enhancing  the  secondary  instability  responsible  for  the 
formation  of  the  streamwise  roll  cells  in  a  two-stream  turbu¬ 
lent  mixing  layer  These  results  suggested  that  the  Taylor- 
Gortler  instability  mechanism,  present  m  the  unstable  case, 
acts  to  strengthen  the  streamwise  roll  cells  Dramatic  in¬ 
creases  in  the  primary  Reynolds  shear  stress  and  enhanced 
transport  of  turbulence  were  dornm#‘nipd  in  the  unstablt 
case.  Tnus,  the  streamwise  structures  are  believed  to  play 
an  integral  role  in  the  generation  and  evolution  of  turbulence 
in  two-stream  mixing  layers 

The  main  objectives  of  the  present  study  were  to  estab- 
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hsh  the  effects  of  stabilizing  and  destabilizing  curvature  on 
the  three-dimensional  structure  of  two-stream  mixing  layeis 
through  measurements  of  the  mean  and  turbulence  proper¬ 
ties  on  large  crosa-pUine  grids  In  addition,  in  the  unstable 
case,  the  role  of  the  Taylor-Gortlcr  effect,  if  piesent,  t>ii  tli* 
'treamwise  voiticitj  generated  through  the  braid  instabilitj 
was  to  be  investigated 

EXPERIMENTAL  PROCEDURE 

The  experiments  were  conducted  m  a  Mixing  Layer 
Wind  Tunnel  (Bell  k  Mehta  1989)  consisting  of  two  sep¬ 
arate  legs  which  are  independently  driven  The  two  streams 
merge  at  the  sharp  trailing  edge  of  a  slowly  tapenng  splitter 
plate  with  an  u..  iiided  angle  of  about  I**  The  curved  test 
section  {Fig  1 )  has  a  fixed  radius  of  305  cm,  giving  t'/R  of 
less  than  5%,  and  measures  36  cm  in  the  cross-stream  {>') 
direction.  91  cm  in  the  spanwise  [Z)  direction  and  3CG  cm 
m  length  (X,  measured  along  the  centerline  arc)  One  side- 
wall  is  adjustable  and  this  was  set  to  give  a  nominallv  zero 
streamwise  pressure  gradient 

The  two  sides  of  the  wind  tunnel  were  run  at  free-stream 
velocities  of  9  and  15  m/s,  thus  giving  a  mixing  layci  with 
velocity  r'.tio.  1/2  fUi  =06  The  high-and  low-speed  sides 
were  interchanged  to  produce  the  stabilizing  and  destabiliz¬ 
ing  cases  In  the  free-stream,  the  measured  streamv/ise  tur¬ 
bulence  level  {u'/Ue)  was  approximately  0  15%.  The  bound¬ 
ary  layers  on  the  splitter  plate  were  laminar  at  these  running 
conditions  with  the  integral  propeities  given  in  Table  1 

Measurements  were  made  using  a  cross-wire  probe 
mounted  on  a  3-D  traverse  and  linked  to  a  fully  automated 
data  acquisition  and  reduction  system  controlled  by  a  Mi- 
croVax  II  computer  The  cross- wire  probe  (Danfec  Model 
55P51}  consisted  of  5  /im  platmum-plated  tungsten  sensing 
elements  1  25  mm  long  and  separated  by  approximately  1 
mm  The  probe  was  calibiated  statically  in  the  potential 
core  of  the  flow  assuming  a  ‘cosine-law’  response  to  yaw, 
with  the  effective  angle  determined  by  calibration  The  ana¬ 
log  sisals  were  filtered  and  amplified  before  being  fed  into  a 
fast  Tustin  sample-and-hold  A/D  converter  with  16  bit  res¬ 
olution  and  a  multiplexer  for  connection  to  the  computer 
Individual  statistics  were  averaged  over  5,000  samples  ob¬ 
tained  at  a  rate  of  1,500  samples  per  second. 

Data  were  obtained  in  cross-sectional  {Y-Z)  planes  with 
the  probe  oriented  in  the  uv  -  and  uu>-plancs  Mtasure- 
ments  were  made  at  eleven  streamwise  stations  within  the 
test  section  between  X  =  11  to  255  cm.  Typically,  1200- 
1500  points  were  measured  on  a  rectangular,  cross-plane  grid 
at  a  given  streamwise  station  The  grid  spacing  (same  in 
both  directions,  Y  and  Z)  ranged  from  01  to  1  0  cm,  de¬ 
pending  on  the  streamwise  station.  The  ineasurenients  of 
U,  W  and  ti'u;'  were  corrected  for  mean  streamwise  veloc¬ 
ity  gradient  (OU/dY)  effects,  by  asssumine  a  linear  variation 
in  U  between  the  cross-wire  sensors  (Bell  &  Mehta  1989) 
The  streamwi.se  component  of  mean  vorticity  (w,)  was  com¬ 
puted  using  a  central  difference  numerical  differentiation  of 
the  mean  velocity  {V  and  W')  measurements 

RESULTS  AND  DISCUSSION 

Similarities  and  differences  between  the  unstable  and 
stable  cases  are  illustrated  through  detailed  comparisons 
using  contour  plots  at  three  streamwise  stations,  covering 
both,  the  near-  and  far-field  development  regions  Included 
in  the  streamwise  development  plots  are  data  for  the  straight 
case,  run  at  the  same  velocity  ratio  in  the  same  facility,  but 
with  straight  side-walls  (Plesniak  ei  al  1991) 

Figures  2a-c  present  contours  of  the  mean  streamwise 
velocity  {U/Uo){ot  the  unstable  and  stable  cases.  At  the 
first  location  (A  =11  cm),  the  velocity  contours  are  corru¬ 
gated  in  an  irregular  fa.shion  m  both  cases  This  corrugation 
may  be  attributed  to  the  presence  of  streamwise  vortices  m 
the  mixing  layer  Somewhat  surprisingly,  the  stable  mixing 
layer  appears  more  distorted  at  this  first  measurement  sta¬ 
tion  Farther  downstream,  the  distortions  become  stronger, 
Md  more  regular  and  correlated,  across  the  entue  mixing 
layer  for  the  unstable  case  ana  oy  A'  =  76  cm,  the  quasi- 
periodic  variation  exhibits  an  average  wavelength  of  approx¬ 
imately  5  cm  On  the  other  hand,  the  velocity  contours  for 
the  stable  case  are  now  hardly  distorted.  By  the  station  at 


X  =  189  cm,  the  unstable  case  still  shows  some  distortion, 
although  the  amplitude  has  decreased  while  the  wavolpiigtli 
has  increased.  However,  the  contouis  for  the  stable  case  are 
almost  straight  and  pdrallcl,  suggesting  that  the  stioaniwise 
\ortuit>  in  this  tase  has  decayed  almost  completely  Th-^se 
results  imply  that  the  stieauuMve  ir\  (te<  .i\n  lOnsidei- 
ably  faster  m  the  stable  case  coinjiaied  to  the  uii->t,il5le  <  .im' 
Note  also  that  the  mixing  layer  is  noticeably  tliiniHu  foi  the 
stable  case. 

Contours  of  the  primary  Rejnolds  shear  stress.  tiV.. 
for  the  two  cases  are  compared  in  Figs  3a-c  At  the  first 
meamreinent  station,  the  spanwise  distribution  of  uV  is 
significantly  different  foi  the  tw’o  cases  Clearlj .  the  contours 
for  the  ‘?table  case  are  more  like  those  usually  observed  in 
plane  mixing  layers,  although  the--  contours  arc  somewhat 
distorted  and  contain  local  peaks  On  the  other  hand,  the 
contours  for  the  unstable  case  reveal  a  patchy  distribution 
with  strong  local  peaks  spaced  at  about  2  cm  At  X  =  76  cm, 
the  contours  for  the  unstable  case  exhibit  a  quasi-periodic 
distortion  with  local  peaks,  while  those  for  the  stable  ca.se 
appear  almost  straight  and  parallel  Peak  «V  v  nes  by 
about  12%  across  the  span  for  the  unstable  ca.se,  compared 
to  about  8%  for  the  stable  layer  The  local  peak  levels  for  the 
unstable  case  are  higher  by  a  factor  of  two  at  tins  stieamwise 
location  and  this  trend  of  higher  u'v'  continues  to  the  X  = 
189  cm  station  At  this  location,  the  cross-stream  extent  of 
significant  levels  of  u'u'  is  also  clearly  higher  for  the  unstable 
c^e,  although  the  distribution  of  u'v'  shows  a  quasi-two- 
dimensional  behavior  for  ^oth  cases.  Spanwise  variations 
of  6.6%  are  measured  peak  uV  at  this  station  for  the 
unstable  case,  versus  ^.6%  for  the  stable  ^asc 

Bell  Mehta  fl989)  showed  that  the  spanwise  varia¬ 
tions  in  mean  velocity  and  Reynolds  stresses  in  the  devel¬ 
oping  region  of  the  mixing  lajer  were  governed  by  the  posi¬ 
tion  and  strength  of  the  secondary  streamwise  vortices  The 
mean  streamwise  vorticity  contours  for  the  two  cases  are 
presented  m  Figs  4a  and  b  At  A  =  11  cm.  the  streamwise 
vortices  are  much  stronger  (by  almost  a  factor  of  two)  in  the 
unstable  case  compared  to  the  stable  case  and  they  appear 
in  clusters,  much  like  those  seen  m  the  stiaight  ca.scs  (Bell 
&  Mehta  1989,  Plesniak  rf  0/  1991)  The  weaker  vortices  in 
the  stable  case  appear  to  be  distributed  m  a  less  organized 
fashion  The  levels  of  maximum  vorticity  have  diminished 
by  the  next  station  at  A  =33  cm  for  both  cases,  although 
by  a  larger  amount  for  the  st.  ble  case  The  distribution  is 
still  more  or  less  random  for  the  stable  case,  but  that  for 
the  unstable  case  now  shows  a  regular  array  consisting  of 
counter-rotating  pairs  of  streamwise  vortices  —  this  result 
IS  again  qualitatively  similar  to  that  for  the  straight  case 
For  the  stable  case,  the  organization  and  vorticity  levels  de¬ 
crease  with  streamwise  distance  such  that  by  A  =  76  cm,  the 
measured  levels  are  embedded  within  the  “noise”  associated 
with  the  entire  vorticity  measurement  scheme  Although  the 
levels  in  the  unstable  case  also  decay  with  streamwise  dis¬ 
tance,  an  arra>  of  couiitei-rotating  pairs  of  vortices  still 
evident  at  A  =  76  cm  Furthei  downstream,  the  voitex  size 
continued  to  grow  in  proportion  to  the  mixing  layer  thick¬ 
ness,  but  their  strength  decayed  In  the  far-field  region,  the 
vorticity  levels  for  the  unstable  case  were  higher  than  those 
in  the  straight  case  whereas  those  for  the  stable  case  were 
lower 

The  streamwise  vorticity  contour  results  suggest  that 
the  effect  of  the  curvature  is  to  manipulate  the  streamwise 
vorticity  generated  by  the  braid  instability,  rather  than  pro-. 
diicing  new  vorticity  through  the  Taylor-Gortler  instability 
m  the  unstable  case,  for  example  The  .straight  case  re¬ 
sults  (Bell  ii  Mehta  1989)  showed  that  the  streamwise  vor¬ 
tices  were  produced  through  the  braid  instability  just  down¬ 
stream  of  the  first  spanwise  roll-up  (at  A  7  cm)  By 
the  first  measurement  station  in  the  present  study  (A  = 
11  cm),  the  peak  vorticity  levels  are  considerably  higher  for 
the  unstable  case  While  it  is  not  cleai  from  the  present 
measurements  if  the  formation  of  the  vorticity  is  affected 
by  curvature,  the  decay  rate  m  the  near-field  is  strongly 
affected  by  curvature.  The  effect  of  the  s‘»bhzing  curva¬ 
ture  IS  to  hasten  the  dcC&/  uf  the  sticemwisc  vuiLuiL^,  a-iu 
hence  suppress  its  associated  effects,  whereas  the  effect  of 
the  destabilizing  curvature  is  to  retard  the  decay  of  stream- 
wise  vorticity,  resulting  in  more  pronounced  effects  At  all 
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streamwise  locations,  the  peak  streamwise  vorticity  levels 
and  their  effects  on  the  mean  velocity  and  Reynolds  stresses 
were  higher  m  the  unstable  case  compared  to  th"  straight 
case,  whereas  those  m  the  stable  case  were  lower 

Streamwise  evolution  of  the  mixing  layer  thickness  ,inil 
peak  Reynolds  stresses  are  presented  below  in  Fjgj»  Ca  e 
for  the  unstable,  stable  and  straight  cases  All  the  lesults 
are  based  on  spanwise  averaged  quantities,  le  the  mea¬ 
surements,  obtained  on  a  cross-plane  grid,  were  divided  into 
“slices’  through  the  mixing  layer  The  properties  comi>uted 
from  each  slice  were  then  averaged  with  those  obtained  at 
other  spanwise  positions  In  effect,  the  mixing  layer  projier- 
ties  were  averaged  over  30-70  velocity  profiles  measured  at 
the  defined  spanwise  locations  Due  to  the  large  spanwise 
variations  experienced  m  the  near-field,  averaging  is  neces¬ 
sary  to  obtain  an  accurate  representation  of  the  behavioi  of 
the  mixing  layer 

Figure  5a  presents  the  streamwise  growth  of  the  mix¬ 
ing  layer  thickiiess,  S,  for  the  three  cases  As  suggested  by 
the  mean  velocity  contours,  at  the  first  station  {A*  =  11 
cm),  the  stable  mixing  layer  is  slightly  thicker  than  the  un¬ 
stable  and  straight  cases,  but  the  trend  is  quickly  re\erscd 
further  downstream  Beyond  about  A'  =  76  cm,  all  three 
cases  exhibit  linear  growth,  but  the  giowth  rates  [df>/di) 
arc  different  Based  on  a  linear  least  squares  fit  to  the  date 
downstream  of  AT  =  76  cm,  dS/dx  =  0  022  for  the  straight 
case,  0  025  for  the  unstable  case  and  0  020  for  the  stable 
case  The  growth  rate  for  the  unstable  case  is,  hence,  m- 
crea.sed  by  about  149^  over  the  straight  case  w'hilc  that  of 
the  stable  case  is  decreased  by  about  0% 

It  has  been  suggested  that  the  growth  rate  n  the  linear 
region  is  affected  by  the  initizd  conditions,  namely  the  pres¬ 
ence  of  organized  streamwise  vorticity  (Bell  &  Mehta  1990) 
Most  of  the  growth  in  a  mixing  layer  is  achieved  through  the 
pairing  of  adjacent  spantuae  vortices  and  entrainment  of  oo- 
tertial  fluid  by  tnese  structures  The  presence  of  organized 
streajnwise  vorticity,  riding  over  the  spanwise  vortices,  adds 
to  the  entrainment  process,  resulting  in  a  higher  net  growth 
rate  Bell  ^  Mehta  (1990)  found  that  the  straight  mixing 
layer  originating  from  turbulent  initial  boundary  layers  did 
not  contain  organized  streamwise  vorticity  and  had  a  growth 
rate  of  0  019.  approximately  20%  lower  than  the  case  with 
laminar  initial  boundary  layers  Likewise,  the  difference  m 
growth  rates  in  the  present  study  may  edso  be  attributed 
to  the  different  strengths  of  the  streamwise  vorticity  m  the 
three  cases  It  is  interesting  to  note  thui-  the  growth  rate  for 
the  present  stable  case  is  almost  exactly  the  same  as  tliat  of 
the  straight  case  with  turbulent  initial  boundary  layers 
The  streamwise  evolution  of  the  peeik  Reynolds  normal 
stress  components  (u'^,  and  ui'^)  iz  shown  in  Figs  5b-d 
The  trends  for  the  three  stresses  are  very  different  at  the  first 
station  (A  =  11  cm)  —  u'*  is  comparable  for  the  stable  and 
unstable  cases,  v'^  is  higher  for  the  unstable  case,  whereas 
is  higher  for  the  stable  case  However,  beyond  the  second 
station  at  X  =  33  cm.  the  peak  normal  stress  levels  for 
the  unstable  case  are  consistently  highe-  than  those  for  the 
stable  case  Further  downstream,  the  normal  stress  levels 
for  the  staole  case  (especially  and  w’^)  asymptote  to 
approximately  the  same  values  as  those  for  the  straight  case, 
while  those  for  the  unstable  case  are  consistently  higher 
Figure  5e  illustrates  the  streamwise  evolution  of  the  pri¬ 
mary  Reynolds  shear  stress  maxima  in  the  three  cases  At 
the  first  station,  the  peak  shear  stress  levels  for  both  curved 
cases  are  higher  than  those  for  the  straight  case  Further 
more,  the  peak  stress  levels  in  the  curved  cases  decrease 
monotonically  with  streamwise  distance  until  an  asymptote 
IS  leached,  whereas  the  straight  case  has  a  distinct  maxi¬ 
mum  at  A  40  cm  —  this  is  associated  with  transition  in 
the  mixing  layer.  Once  again,  the  asymptotic  level  for  the 
unstable  case  is  higher  than  that  for  the  stable  case  (which 
is  comparable  to  that  for  the  straight  case)  The  increased 
stress  levels  m  the  unstable  case  are  partly  attributable  to 
“extra”  production  through  terms  in  the  Reynolds  sticss 
transport  equations  which  eu-e  activated  by  the  angular  mo¬ 
mentum  instability.  Note  that  sine,’  the  radius  of  curvature 
IS  held  constant.  S/R  increases  with  streamwise  distance  as 
the  layer  grows,  and  so  the  effects  due  to  curvature  should 
become  more  pronounced  However,  shear  layer  growth  also 
leads  to  a  reduction  in  the  primary  shear  {dU/oY),  so  it  is 


hypothesized  that'  the  two  effects  tend  to  counteract  each 
other  to  produce  constant  stress  levels  in  the  far-field 

The  Reynolds  stress  data  indicate  that  the  turbulence 
structure  of  the  stable  case  in  the  far-field  is  comparable  to 
that  of  the  straight  case,  although  the  growth  rate  is  some¬ 
what  lowei  Til*'  tiit!mleu<«‘  stnictuie  of  flie  inisral)l(‘ 
also  seems  to  have  achieved  equilibrium,  but  dirteienf  rlmu 
that  of  the  other  two  cases  When  comparing  the  devel¬ 
opment  of  the  straight  case  with  laminar  initial  boundary 
layers  with  that  originating  from  turbulent  boundary  lay¬ 
ers  it  was  noted  that  the  a.symptotic  turbulence  structure 
was  comparable  for  the  two  cases,  altnough  the  thickness 
growth  rates  were  different  (Bell  &  Mehta  1990)  It  is  be¬ 
hoved  that  the  straight  case  (with  turbulent  initial  bound¬ 
ary  layers)  and  the  stable  layer  are  structurally  indistin¬ 
guishable,  and  have  achieved  a  self-siinilar  state  completely 
independent  of  initial  conditions  We  expert  the  straight 
case  (with  laminar  initial  boundary  layers)  will  eventu^ly 
achieve  the  same  self-similar  growth  rate  since  the  stream- 
wise  vorticity  decays  with  dowiiotrcam  distance  It  ts  tin- 
clear,.  but  unlikely,  that  the  unstable  layer  will  also  reach 
this  same  state,  because  the  angular  tnomentum  instability 
mechanism  is  present  throughout  its  development 

CONCLUSIONS 

A  study  of  the  effects  of  stabilizing  and  destabilizing 
streamwise  curvature  on  the  three-dimensional  strurture  of 
a  two-stream  mixing  layer  has  been  completed  The  mean 
streamwise  vorticity  results  show  that  the  mam  effect  of  the 
destabihzng  curvature  is  to  retard  the  decay  of  the  stream- 
wise  vorticity  generUed  b>  the  braid  instability  This  results 
m  stronger  streamwise  vorticity  at  a  given  streamwise  loca¬ 
tion,  producing  more  entrainment,  and  hence,  higher  asymp¬ 
totic  growth  rate  and  higher  Reynolds  stresses  compared  to 
the  stable  and  straight  '*ases  Only  a  part  of  the  increase  m 
Reynolds  stresses  is  due  to  extra  production  through  terms 
activated  by  the  angular  momentum  instability  The  stream- 
wise  vorticity  produces  a  measurable  spanwise  variation  in 
the  mean  velocity  and  Reynolds  stress  distributions  The 
effect  of  the  stabilizing  curvature,  on  the  other  hand,  is  to 
suppress  the  three-dimensionality  by  increasing  the  rate  of 
decay  of  the  streamwise  vorticity,  thus  leading  to  a  lower 
nowth  rate  The  spanwise  variations  in  mean  velocity  and 
neynolds  stress  distributions  a’e,  therefore,  much  smaller 
in  this  case.  The  asymptotic  peak  Reynolds  stresses  for  the 
stable  case  are  consequently  lower  than  those  in  the  unstable 
case,  but  comparable  to  those  for  the  straight  case 
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Figure  1.  Curved  Mixing  Layer  Test 
Section  Schematic. 
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Figure  2.  Mean  Streamwise  Velocity  (VRIRVi,)  Contours  for  Unstable  and  Stable  Cases. 
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Figure  4b.  Mean  Streamwise  Vorticity  {^•JLu.cvr')  Contours  for  Stable  Case. 
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Figure  5.  Streamwise  Development  of  the  (Span- 
wise  Averaged)  Mixing  Layer  Properties,  (a)  Mix¬ 
ing  Layer  Thickness,  (b)  Peak  Streamwise  Stress,  (c^ 
Peak  Normal  Stress,  (d)  Peak  Spanwise  Stress,  (e, 
Peak  Primary  Shear  Stress. 
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ABSTRACT 


two-<limension  J  CarteBian  coordinaies  can  be  written  u 


The  basic  vortex  dynamics  in  a  plane  free  shear  layer  generated  by 
the  mixing  of  two  coQowmg  Quid  streams  are  investigated 
Two-dimersional  Euler  equations  are  solved  directly  using  the 
second-order,  explicit,  MacCormack  predictor-corrector  and 
Godunov  methods  alternately  Detailed  description  of  the  numencal 
algorithm,  initial  conditions  and  boundary  conditions  are  given  The 
density  Geld  obtained  may  be  used  for  optical  studies 


I  INTRODUCTION 

The  extraction  of  power  from  high-power  gas  lasers  often  involves 
passing  the  beam  through  interface  between  gases  of  different  indices 
of  refraction  Turbulent  shear  layers  can  produce  random  phase  errors 
in  the  beam  that  can  substantially  reduce  the  maximum  intensity  to 
which  the  beam  can  be  focused  The  main  purpose  of  our  reseach  is  to 
understand  the  factors  which  influence  optical  degradation  and  to 
make  useful  prediction  or  ''orrelations  with  respect  to  the  flow 
parameters  In  order  to  understand  the  optical  properties  of  shear 
layer,  Grst  of  all,  it  is  icrprotant  to  understand  the  basic  fluid 
mechanics  of  the  shear  layer  In  the  past,  the  investigations  of  the 
shear  layer  optical  properties  were  based  on  the  assumptions  that  the 
natural  shear  layers  were  homogeneous  and  i80troptc(  Sutton  1969, 
Legner  et  al  1976)  There  has  been  no  study  of  the  optical  effeas  of 
large-scale  structures  which  are  existing  dunne  the  course  of  the 
sheur  layer  development  In  this  work,  the  optical  effects  of  coherent 
structures  are  identified 

The  physical  properties  of  spatially-developing  mixing  layers 
between  two  flows  of  different  velocities  and  densities  ate  caJcolated 
The  2-D  compressible  Euler  equations  are  solved  directly  using  the 
second-order,  explicit,  MacCormack  method  and  the  Godunov 
method  alternately  There  is  no  subgnd  sc^e  turbulence  in  this  direct 
flvmerical  simulation  scheme  Two  air  streams  are  modelled,  each 
with  different  enthalpy,  so  that  the  density  ratio  is  a  parameter  other 
than  umty  A  hyperbolic-tangent  veloaty  proGle  is  adopted  for  the 
lutial  streamwise  velocity  distnbution  at  the  apbtter  plate  Large 
vortical  structures  and  their  evolution  are  investigated  for  both 
natural  and  forced  flows  In  the  forced  cases,  the  forang  fiequenaes 
are  the  fundamental  frequency  and  the  first  subharmomc  The  forang 
IS  applied  at  the  end  of  the  splitter  plate  Temporal  statistics  of  fluid 
dynamical  variables  of  the  mixing  layer  are  calculated. 

In  Sec  II,  the  numenca)  method,  initial  conditions  and  boundary 
conditions  are  discussed  in  detail  lu  Sec.  lU,  the  results  of  fluid 
dynamical  itatistici  computations  are  given  and  compared  with 
available  experimental  or  numerical  data  (ox  validation  purposes.  The 
numencal  results  for  both  the  natural  and  forced  shear  layers  show 
that  their  fluid  dynaxmcal  properties  such  as  the  mean  veloaty 
proGle,  growth  rate,  turbulence  intensity,  catrainmeut  ratio  and 
Reynolds  stress  are  all  in  agreement  with  the  expenmental 
measurements  Finally,  the  optical  effects  of  the  shear  layer  and  the 
coherent  structures  within  the  shear  layer  are  calculated  by  passiM  a 
laser  beam  through  it  with  circular  aperture  and  uiuform  pbue  The 
lir-Geld  intensity  disti  lution,  time  averaged  Strehi  ratio  and 
modulation  transfer  function  are  calculated  for  shear  layers  with 
different  flow  conditions. 


n  GOVERNING  EQUATIONS  and 

NUMERICAL  ALGORITHM 

The  equations  governing  Newtonian  fluid  dynarucs  have  been 
known  for  more  than  a  century  However,  the  dosed  form  analytic 
ro'uMoss  can  be  found  only  for  a  few  spcaal  cases  Now  with  the 
development  of  large,  fast  scientiflc  computers  and  in  paralie!  with  the 
improvement  in  numencal  schemes,  these  equations  can  be  solved 
oirectly  using  the  methods  of  computational  fluid  dynamics  Since  the 
basic  vortex  dynamics  in  a  shear  layer  is  essentially  invisad,  it  is 
expected  that  iiimficant  simulation  can  be  obtained  by  solving  the 
Euler  equauoni  Based  on  the  auumptiooi  that  there  ate  no  external 
heat  addition  and  body  forces,  the  compressible  Euler  equations  in 


dU  ^  d?  .  dG 


(1) 


where  U,  F  and  G  are  vec  ors  given  by 
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and  X  IS  the  streamwise  coordinate,  y  is  the  cross-stream  coordinate( 
see  Fig  1 }  The  equations  written  in  conservation  law  form  represent 
conservation  of  mass,  momentum  and  total  energy  of  invisid  fluid 
motions  The  variables  p,  p\x,  pv  and  e  are  man,  streamwise 
momentum,  crosS-«tream  momentum  and  total  energy  respectively, 
all  per  unit  volume  p  is  the  pressure  For  ideal  gas,  the  pressure  is 
related  to  equation  of  state 


P  =  (7-1)P(  (2j 

where  t  is  the  speoQc  internal  energy  and  y  is  the  ratio  of  speaGc 
heats,  1  e ,  7wicp/cv  Throughout  this  paper  the  value  of  y  is  taken  to 
be  1 40 


The  Qumencal  code  used  in  the  current  work  is  a  direct  simulation 
of  the  two-dimensional  compressible  Euler  equations  with  no  subgrid 
scale  turbulence  model  The  code  uses  the  Gmte  volume  technique 
which  involves  alteraating  in  time  the  second-order,  expbat 
MacCormack  (1969)  and  Godunov  (1959)  methods  Since  the 
second-order,  expbcit  MacCormack  Scheme  has  a  lagging  pbue  enor 
and  the  Godunov  scheme  has  a  leading  pbue  error  (Sieger  k 
Warming,  1976),  considerable  reduction  in  phue  error  can  be 
achieved  by  temporal  switching  of  these  two  schemes  (Fromm,  1971) 

MacCormack  Scheme 

The  MacConnack  Gmte  difference  method  ii  a  vuiation  of  the 
two-step  Lax-Wendroff  scheme  This  expbat  scheme  it  second-order 
accurate  both  in  space  and  time  The  ccmputational  domain  is  shown 
schematicaJlly  m  Fig  I  A  grid  of  200  by  50  is  adopted  The  state 
vanables  p,  u,  v,  and  e  are  calculated  at  the  center  of  each 
computational  ceb  which  is  a  square  mesh.  Ax  =Ay  A  supersenpt  n 
denotes  time  tn  =  nAt  Subscripts  j,  k  denote  position  (x  ,  /^),  where 

X  Si  jAx  and  y^  s  kAy  For  example,  ^  represents  the 
volume-averaged  density  at  the  point  (x  ,  y^)  and  time  to  Refemog 
to  Fig  2,  the  indices  of  points  and  bnes  are  shown  m  the  fixed  imd 
system  for  a  general  computational  volume  element  The  flow 
parameters  in  the  center  of  cell  are  given  the  integer  index  j,  k  The 
cell  boundaries  surfaces  are  given  a  fractional  and  one  integer  index; 

the  surfaces  are  denoted  u  Sjiio^i  Sj.j,k,  or  Sj,j,k  Viewing  T7j,k 
u  an  approximation  to  the  cell  average  of  U  rather  than  u  an 
approximation  to  the  point  value  U(xj,y](,tn)  and  using  expbat, 
backward  spatial  difference  method  in  the  predictor  step  and  forward 
spatial  difference  method  in  the  corrector  step,  the  solutions  at  time 
ievel  n+1  are  determined  ffori  the  data  at  time  level  n  by  creating 
**iaterface  states"  at  location  such  u  (j+j,k),  the  MacCormack  finite 
volume  approximation  ii 
•  Predictor  Step 


ATf 


j’k 
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•  Corrector  Step 

=  “T  I  ■'■  t  ,k  ^),l<  >  ' 

where  Vj  ^  is  the  cell  volume  of  cell  (j,kj 

To  c&lcul4te  the  fliu  terms,  secoad-order  extrapolations  are  made 
of  the  primitive  vanables  (p,  u,  v,  e)  from  the  cell  centers  to  the  cell 
boundaries  to  ^re  extrapolated  values  on  the  two  sides  of  all  cell 
boundaries  This  procedure  is  illustrated  in  Fig  3  On  the  predictor 
step,  values  extrapolated  from  the  left  or  the  bottom  side  of  the  cell 
boundanes  are  used,  on  the  corrector  step,  values  extrapolated  fron 
the  right  or  the  top  side  of  the  cell  boundanes  are  used.  To  achieve 
numencal  stabibtiy,  a  simple  techmque  is  applied,  that  is,  all 
extrapolated  values  of  the  pnrrutive  variables  at  the  cell  boundanes 
must  he  between  the  cell  center  values  at  the  two  adjacent  cdl 
centers  If  any  extrapolated  value  of  a  pnrmtive  vanabte  does  not 
satisfy  this  condition,  it  is  replaced  by  the  cell  center  value  which  is 
more  closer  to  it  (Bogdanoff  k  Brackett,  1987)  For  example,  as 
demonstrated  in  Fig  4,  if  the  extrapolated  value  p  ^  ^  lies  above  the 

point  A,  set  p  I  a  p  ,  if  it  lies  below  the  point  B,  then  let  p  ■ 

j‘lk  j»l,k  j^.k 

»  p^  j  ^  within  point  A  and  B,  it  is  this  value  to  be  used 
for  the  boundary  flux  calculations 
Godunov  Scheme 

The  basic  idea  of  the  Godunov  method  is  emphasized  by  the  use  of 
exact  solution  of  the  gasdynamics  equations  with  piecewise  constant 
lutial  condiiioni  for  the  construction  of  t'le  Qrute  difference  scheme 
The  use  of  Riemann  problem  solution  makes  Godunov’s  method  a 
form  of  the  method  of  characteristics  Godunov  used  the  characteristic 
information  within  the  frame  work  of  conservative  method  such  that 
Riemann  problem  was  solved  forward  in  time  and  the  solution  of  the 
Riemann  problem  wu  employed  to  calculate  numencal  fluxes  at  cell 
edges  The  physical  picture  of  the  wave  interactions  involved  is  very 
^lear  in  this  method  Detailed  derivations  of  Godunov  method  are 
available  in  many  documents  (Godunov.  1959,  Holt,  1984)  The 

components  of  tJj  ^  are  calculated  as  follows. 


whf'e  J2,  Cf and  Vue  the  density,  x-veloaty  and  y-velooty  on  the 
cell  boundanes  respectively  P  and  B  ate  the  pressure  and  total  energy 
on  boundary,  where  J?is  rdated  to  Pby 

f;=-:^  +  0S«(tP+  V>) 

Note  that  pnor  to  the  calculation  of  boundary  values  for  the 
piluuiifc  variables,  the  imtial  states  to  the  left  and  nght  nf  cell 
boundary  .*«  obtained  b^'  second-order  extrapolation  For  example, 

at  the  boundary  ^j^.k  (F>b  3)i  k^^tes 

0  =  1  Sf  -0  5ff 

’l  j-l.k 


The  extrapolated  primitive  vanables  are  subject  to  the  limiting 
critexioD  just  discussed  above,  and  this  set  of  piecewise  constant 
initial  data  will  give  a  >equencp  of  Riemann  problems 

To  advance  the  code  in  one  time  step  At,  the  numerical  stability 
condition  must  be  applied  (MacCormack,  1969,  Godunov,  1959) 
Dunng  this  time  interval,  At,  waves  from  neighbonng  Riemann 
problems  will  not  interact  with  each  other  In  our  calculations,  Ax 
and  Ay  are  of  the  order  of  millimeter,  At  is  therefore  of  the  order  of 
microsecond  to  satisfy  the  stability  condition 

Boundary  Conditions 

In  numerical  simulations,  the  computational  domain  must  be  flute, 
so  appropriate  boundary  conditions  need  to  be  introduced  to  obtain 
the  correct  flow  field  Based  on  the  hypothesis  that  the  top  and 
bottom  boundanes  are  streamlines,  the  numerical  boundary 
conditions  used  at  the  top  and  bottom  boundanes  are 


where  q  is  p,  u,  or  e  For  the  outflow  boundary  condition,  pressure  is 
assumed  to  be  constant  there  This  is  a  good  approximation  provided 
that  the  test  section  is  long  enough  At  the  exit  plane  of  the 
computational  domain,  the  "convective  condition"  of  the  form 

di*  .  „  _lfV_n 

-3r-  +  '^c-K-  =  “ 

IS  used  to  make  this  condition  absorptive  (Lowery  k  Reynolds,  1986), 
where  is  the  convective  velocity  of  the  large  eddies  in  the  mixing 

« 

la,er  and  f  is  u,  v,  or  p  The  convective  velocity  ii  nearly  equal  to 
the  average  of  the  two  free  stream  velocities  and  Uj  At  the  inlet 

Slane,  the  inflow  boundary  conditions  are  such  that  both  the  mass 
ux  and  energy  flux  ue  kept  constant  Mathematically,  they  are 


"J”  +  +  ’'*)  *  Ca 

where  Cj  and  Ca  are  constants  to  be  determined  by  the  lutial 
conditions  Incorporating  these  two  conditions  with  the  Lnear  acoustic 
wave  equation  for  a  wave  propagating  in  the  direction  upstream  from 
the  exit  and  the  equation  of  state,  the  primitive  vanables  at  the 
entrance  can  be  detenmned. 

Expenmentul  results  show  that  a  natural,  spatial,  (tee  muong  layer 
hai  several  cbaractenstic  features  e  g  ,  the  growth  of  its  thickness  ii 
linear  with  x,  temporal  statistics  of  the  mixag  layer  is  self-similar  In 
the  plane  mixing  layer  simulation,  those  (acts  must  be  fulfilled. 
However,  it  is  known  that  the  Euler  code  can  not  develop  rapidly  and 
achieve  the  desired  roll— up  using  a  steady  inflow  boundary  conation 
(Cben  et  al ,  1987)  In  order  to  simulate  a  "natural"  layer  and 
produce  apparent  vortex  formation,  an  unsteady  boundary  condition 
IS  also  applied  at  the  inlet  plane,  i  e  ,  set 

v(y,t)  =  AU  G(y)  ^  A,  sm(2Trf,i  + 

In  the  above  equation,  AU  =  Ut  -  U}  is  the  difference  of  the  two  free 
stream  veloaties  which  measures  the  strength  of  shearing,  G(y)  >5  a 
Gaussian  distribution  function  which  has  a  peak  value  unity  at  ysQ, 
and  half  width  over  six  cells,  A.  ii  the  forcing  amplitude  [msl,2,3,4], 
f,  lm=:l,2,3,4]  are  the  fundamental  flrequency  and  its  first  three 
subtiarmomcs  According  to  the  Raylegh'i  mviiad,  linear  stability 
theory,  the  fundamental  frequency  fi  satisfies  the  Strouhu 
relationship  (Ho  k  Huerre,  1984) 


where  U  =  0  5(Ui  +  Uj),  which  is  the  average  of  the  two  free  stream 
velocities,  and  is  the  imtial  momentum  tmcknesi  The  momentum 
thickness  is  defined  by 


Finally,  [msl,2,3,4]  are  random  pha.*et  added  (Sandham  k 
Reynolds,  1967)  The  forang  is  mcdiCed  by  mtroduang  these  random 
phases  to  the  Rayleigh  modes  and  it  is  expected  that  by  this 
modification,  the  pairing  of  two  vortices  will  occur  randomly  m  space 
and  in  time  dunng  the  course  of  simulation  and  result  in  linear 


growth  (.'■  the  shear  layer  thickness  which  is  more  realistic 
loitial  Conditions 

In  this  paper,  two  air  streams  are  modelled,  each  with  different 
enthalpy,  such  that  the  densities  and  free  stream  veloaties  are 
different  The  velocity  ratio,  and  density  ratio,  A  ,  are  defined  as 


Throughout  the  discussions,  the  higher  speed  Ui  will  always  be  m  the 
upper  part  of  the  diagram  (see  Fig  1)  So  Au  vanes  from  zero  to  unity 
Ii  Au  ~  0,  we  have  a  single  stream  discharges  into  a  quiescent  ambient 
Quid  For  Au  =  1,  this  corresponds  to  a  wake  flow  But  the  density 
ratio  A^,  can  be  any  positive  values  The  free  stream  velocity  Ui  is 

chosen  equal  to  7  04><10*  cm/sec  and  U|  will  not  be  changed 
throughout  the  calculation  We  shall  vary  the  veloaty  ratio  by 
changing  the  value  of  Uj  This  velocity  7  04»I0^  cm/sec,  corresponas 
to  a  Mach  number  of  0  2  at  temperature  300°K  The  density  of  air  at 
temperature  300°K  and  pressure  of  1  atm  it  1 2019"  10*’  8/cm*,  which 
II  denoted  by  po  The  two  densities  pi  and  pi  will  be  expressed  in  term 
uf  po  A  hyperbolic-tangent  velocity  profile  is  adopted  for  the  initial 
streamwise  veloaty  distnbuiion  at  the  splitter  plate,  that  is 


where  $(,  is  the  initial  momentum  thickness  The  initial  density 
diitnbution  is  given  by  a  step  function 


o‘"“(y),=  { 


Pi  ify>0 
pj  ify  <  0 


The  initial  cross-stream  velocity,  v,  is  set  equal  to  zero  and  the 
pressure  is  set  equal  to  1  atm  everywhere 


m  SHEAR  LAYER  SfMULATfON  RESULTS 

As  mentioned  before,  the  free  stream  veloaty  Ui  is  set  equal  to 
7  04»10*  cm/aec,  and  density  pu  s  l,20I9»i0**  g/cm*  Choosing 
U]sO  3Ut,  piapo  and  p}«l  Ipo,  so  that  the  veloaty  ratio  is  0  S  ana 
the  deniuy  ratio  is  1 1  The  initial  momentum  thickness,  is  set 
equal  to  0  04  cm  and  the  corresponding  fundamental  frequency  can  be 
determined  bv  Eq(3)  Usini  A.  &  005  [m=l,2,3,4],  and 
incorporating  the  given  initial  iruormation,  the  simulations  for  natural 
minng  layers  are  conducted 


density  ratio  The  variation  of  momentum  thickness  growth  rate,  ^  , 
with  the  velocity  ratio  parameter,  Aj,  is  plotted  in  Fig  7  tog'^ther 
with  the  expenmental  data,  where  Au  -  j  ~  Note  that  the 

experimental  momentum  thickness  are  obtained  for  those  Qows  with 
uniform  densities,  wh'.c  as  for  the  numerical  calculations,  the  density 
ratio  i«  1 1  The  scatter  in  the  expenmental  data  is  attnbuted  to  the 
initial  conditions  of  the  shear  layer  and  many  other  reasons  yet  to  be 
expolred  (Oster  k  Wygnanski,  1902)  Other  fluid  dynamical  statistics 
tike  the  distribution  of  the  u— velocity  fluctuations,  v—velooty 
fluctuations,  the  Reynolds  stress  and  the  entrainment  ratio  all  show 
that  these  results  are  consistent  with  the  expenmental  evidence 
(Oster  k  Wygnanski,  1982,  Koochesfahani  et  al ,  1983)  and  other 
numerical  simulations  (Riley  k  Metcalfe,  1980,  Gnnstan  et  al ,  1986) 

The  Forced  Shear  Layer 

For  the  shear  layer  forced  bv  the  fundamental  frequency  or  the  first 
subbarmonic,  the  background  noise  is  kept  unchanged  Only  the 
amplitude  of  the  component  correspondimr  to  the  forcing  frequency  is 
enhanced  (Sandham  k  Reynolds,  19B7j  The  time  averaged  iiodensity 
contour  plots  for  the  forced  cases  are  illustrate  in  Fig  8a 
jfundamental  frequency  forcing]  and  8b  [first  subharmonic  forcing] 
Three  response  regions  can  be  classified  in  the  forced  mixing  layer  In 
region  I,  growth  rate  is  enhanced,  in  region  II,  growth  rate  is  inhibited 
and  in  region  III,  shear  layer  spreading  resumes  again  (Oster  k 
Wygnanski,  1982)  It  is  seen  that  in  region  II,  the  shear  layer 
thickness  stops  growing  The  growth  rate  of  the  shear  layer  is  almost 
zero  Vortex  pairing  is  suppressed  within  this  non-growth  region  and 
results  in  a  row  of  well-aligned  vortices  For  the  case  of  fundamental 
fieouency  forcing,  this  behavior  occurs  earlier  m  space,  while  for  the 
subharmonic  surging,  the  mixing  layer  develops  quickly  due  to 
merging  of  two  vortices  and  then  growth  stops 

The  effect  of  fundamental  frequency  forong  on  the  streamwise 
development  of  the  momentum  tbcknesi  is  presented  in  Fig  9  with 
AttsO  5  and  A^sl  1  This  figure  shows  the  general  feature  of  the 
momentum  thickness  of  the  forced  shear  layer  Three  regions  can  be 
identified  u  mentioned  above  In  region  I,  the  initial  rate  of  growth  of 
the  forced  minog  layer  exceeds  that  in  the  natural  case  In  region  11, 
vortex  pairing  ii  prohibited  and  the  growth  rale  ii  zero  This  rejnoo  is 
coniistept  with  that  shown  in  Fig  8a  Beyond  the  region  it,  the 
rmxing  layer  starts  growing  again  at  almost  the  same  rate  as  that  of 
the  natural  shear  layer  Region  II  starts  at  xb4  0  cm  and  ends  at 
xr7  C  cm  approximately  in  this  case  Fit  10  shows  the  variation  of 
the  momentum  thickness  of  the  forced  »ear  layer  but  the  forcing 
frequency  is  the  first  subharmonic  Since  the  o’.mputationsl  domain  is 
not  long  enough  for  the  lubhaimomc  forcing,  Region  III  is  not  seen  in 
this  case  Region  II  starts  at  xsS  0  cm  and  ends  at  xsl5  cm 
Actually,  according  to  Oitet  k  Wygnanski  (1982),  region  II  ti 
bounded  by 


Fig  5  provides  a  sequence  of  instantaneous  flow  visualization  of  the 
vorticity  field  for  the  natural  shear  layer  (the  upper  one  is  recorded 
earlier)  The  time  interval,  M,  between  the  two  consecutive  pictures 
11  0  168  msec  where  the  average  time  interval  for  a  fluid  element  to 
traverse  the  computation  domain  is  3  03  msec  Several  features  are 
found  from  this  figure  The  sheared  fluid  m^et  deeper  incursions 
from  the  high-speed  side  into  the  low-speed  side  These  snapshot 
pictures  clearly  show  the  "pairing  phenomenon"  between  two  adjacent 
vortices  Calculations  ratify  that  after  the  merging  interactions  among 
neigbbonng  eddies,  the  newly  formed  large  vortex  convects 
downstream  at  nearly  constant  speed  which  is  approximately  the 
average  of  the  two  free  stream  veloaties.  This  vortex  amalgamation 
process  occurs  randomly  m  space  and  time  which  is  responsible  for  the 
linear  growth  of  the  rmxmg  layer  The  spaang  between  two  adjacent 
vortices  and  the  size  of  the  vortex  are  increasing  with  the  streamwise 
coordinate  x,  which  are  required  by  the  sinulanty  properties  of  the 
mean  flow 


The  nondimeniionalized  mean  streamwise  veloaty,  Tu(xry),  is 
defined  by 


where  u(x,y)  is  the  mean  streamwise  veloaty  The  d^ndence  of  the 
nondimensionalized  mean  streamwise  velocity  on  the  similanty 
coordinate,  rj  =  y/(x  -  x®),  is  shown  m  Fig  6,  where  Xo  is  the 
streamwise  coordinate  of  the  virtual  ongin  of  the  flow  The  lateral 
distnbutiOD  of  the  mean  streamwise  veloaty  shown  in  Fig  6  suggests 
that  the  flow  is  lelf-eimilar  in  the  fullv-developed  f<»jion  f  m  thi« 
case,  X  >  8cm  |  Examining  the  mean-velocity  piofilc,  i^is  also  found 
that  the  profile  is  not  symmetric  and  the  shear  layer  spreads  more 
rapidly  into  the  low-speed  region 

The  growth  rate  of  shear  layer  depends  on  bofh  velocity  ratio  and 


where  f  is  the  forcing  frequency  The  numencal  results  satisfy  the 
above  relation  quite  well  In  the  region  of  zero  growth  rate,  it  is  found 
that  the  distribution  of  u'  has  double  peaks  which  is  another 
characteristic  of  region  II  Also,  the  lateral  distribution  of  the 
Reynolds  stress  is  negative  all  across  the  layer  Due  to  bmited  space, 
however,  figures  are  not  shown  here  Tbeae  phenomena  were  observeo 
experimentally  by  Oster  k  Wygnanski  (1982)  and  also  in  the 
numerical  simulation  by  Riley  and  Metcalfe  (1980)  The  trends  of  the 
computed  results  to  experiments  and  numencal  results  of  others  lend 
full  confidence  that  the  code  has  been  validated  satiifactonly 


IV  SHEAR  LAYER  OPTICAL  RESULTS 

The  physical  properties  of  the  unforced  and  forced  plane  mixing 
layer  obtained  by  solving  the  two-dimensiond  Euler  equations 
directly  have  been  examined  The  calculated  results  are  consistent 
with  the  expenmental  findings  Of  Brown  k  Roshko  (1974),  Oster  k 
Wygnanski  (1982),  Ho  k  Huang  (1982)  and  other  investigations  Since 
the  density  fields  axe  correlated  with  the  index  of  refraction 
diitnbutions,  the  optical  properties  of  the  shear  layer  can  be 
calculated  using  the  information  of  density  fields 

The  electnc  field  amplitude  at  the  far-field  point  (xo,Zt>)'  can  be 
wntten  as  (Goodman,  1968) 

♦(*».«»)  =  rjY  «p(ikY)  +  '»’)! 

11^’  1'(*.«)«Pl-'^it»i  +  io»)]dxd,, 

where  Y  is  the  distance  between  the  finite  aperture  plane  (x,z)  and 
the  far-field  observation  plane  (Xo,zo),  A  ii  wave  length  of  the 
inadent  beam;  and  the  far-field  intensity  is  proportional  to  the 
square  of  the  modulus  of  'I'(xo,zo)  Mathematically,  the  far-field 
intensity  profile  is  propotuonal  to  the  square  of  the  Founer  transform 
of  the  near-^eld  incident  wave  distributions.  For  an  uniform 
monochromatic  and  coherent  areolar  madent  beam,  we  may  set 
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’t'(x,z)=l  in  the  above  equation  and  then  carry  out  the  intecrationa  to 
get  the  fax-field  intencity  distribution  where  the  aomain  of 
integration  ii  the  arcular  region  defined  by  the  beam  This 
dif^action-limited  pattern  is  plotted  in  Fig  11  Note  that  in  all 
figures  concerning  the  far-field  intensity  diitnbutioo  hereafter,  the 
far-Geld  coordinates  (xq.So)  with  respect  to  the  center  of  the  inadent 
JlY 

beam  are  nondimensionabsed  by  ^  ,  where  D  is  the  diar  eter  of  the 

beam.  The  intensity  distribution  h^as  a  central  peak  valui  which  is 
normalised  to  unity  The  projection  shows  the  far-field  .ntensity 
contours  on  the  Xq-so  'Fhis  circular  pattern,  u  a  reference,  is 
called  the  Airy  disk 

Fig  12  shows  the  far-field  intensity  distributions  due  to  the 
instantaneous  natural  shear  layer  at  veloaty  ratio  0  5  and  density 
ratio  1  1  The  atreamwise  location  of  the  center  of  the  beam  is  Xc»6 
cm,  and  D  is  equal  to  5  12  cm  Fig  12  shows  the  lobes  in  the  far-fitid 
intensity  distribution  pattern,  because  this  bexm  contains  five  vortices 
of  the  flow  field  A  parameter  Strehl  ratio,  SR,  which  is  defined  as  the 
ratio  of  the  maximum  light  intensity  of  the  diffraction  pattern  to  that 
of  the  same  optical  system  without  aberrations  will  be  used  to 
evaluate  the  optical  quality  quantitatively  According  o  this 
definition,  the  Strehl  ratio  is  tilt  corrected  In  Fig  12,  the  Strehl  ratio 
11  0  585 


and  experimental  observations  These  calculations  for  the 
two-dimensional  free  shear  layer  give  very  reliable  results  which  can 
be  used  for  the  optical  properties  investigations 

K  brief  optical  calculation  shows  that,  in  general,  the  best  image 
quality,  like  the  best  Strehl  —tio.  is  correlated  to  the  shear  layer  voth 
’mailer  growth  rate  r  ovideu  .hat  all  other  parameters  are  kept  the 
vme  Tne  Strehl  ri;.o  tn  the  far-field  can  be  '.gniGcanily  enhanced 
oy  retarding  the  growth  rate  of  the  mixing  layer  via  fundamental 
frequency  or  Grit  lubharmomc  forcing  And  khe  optical  performance  of 
the  shear  layer  is  the  best  when  incident  beam  passes  through  the 
non-growth  region  of  the  shear  layer  More  optical  results  are 
forthcoming 
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ABSTRACT 

The  effect  of  multiple-frequency  forc¬ 
ing  on  the  development  of  a  spatially- 
growing  mixing  layer  Is  studied  numerically 
by  a  two-dimensional  vortex  method.  Forcing 
Is  prescribed  as  a  superposition  of  the 
predominant  frequency  of  an  unforced  flow 
with  Its  sub-harmonic  frequencies. 
Superposition  up  to  three  frequencies  Is 
considered.  The  effect  of  phase  shift  be¬ 
tween  forcing  frequencies  are  also  examined. 
Instantaneous  plots  of  discrete  vortices  and 
various  statistics  up  to  the  second  order 
moment  are  obtained  to  see  the  variation  of 
coherent  structures.  Results  show  that  the 
number  of  merging  vortices  and  patterns  of 
vortex  merging,  and  thus  the  growth  of  a 
mixing  layer  can  be  effectively  controlled 
by  multiple-frequency  forcing  If  forcing 
frequencies  and  phase  shifts  are  suitably 
selected. 

INTRODUCTION 

Study  of  the  effects  of  multiple- 
frequency  forcing  on  the  growth  of  a  mixing 
layer  Is  Important,-  because  forcing  may  have 
a  possibility  to  drastically  change  the  flow 
structures  and  to  provide  turbulence  control 
(Ho  A  Huerre  1984;  Wygnanskl  A  Petersen 
1987).  For  example,-  Hussain  A  Husain  (1989) 
observed  In  their  experimental  study  of  a 
single-stream  mixing  layc-  that,  when  the 
mixing  layer  Is  forced  by  two  frequencies 
(the  predominant  frequency  and  It  first 
subharmonic),  the  growth  of  a  velocity  fluc¬ 
tuation  (r.m.s.  u')  depends  on  the  phase 
shift  between  the  two  frequencies.- 

Computational  works  on  multiple- 
frequency  forced  mixing  layers  are  not  In 
abundance.  In  most  of  simulations  except 
for  Mansour,  Hussain  A  Buell  (1988)  and 
Inoue  (1989,  1991),  spatial  periodicity  was 
assumed  In  order  to  simplify  the  calcula¬ 
tions  which  consider  a  temporal  evolution  of 
the  flow  (Jacobs  A  Pullln  1989:-  Patnalk, 
Sherman  A  Corcos  1976;  Riley  A  Metcalfe 
1980).  In  this  work,  multiple-frequency 
forced,  spatially-growing  mixing  layers  are 
studied..  Inoue  A  Leonard  (1987)  Inves¬ 
tigated  single-frequency  forced,  spatially- 
growing  mixing  layers  and  reproduced  many  of 
the  flow  features  which  have  been  observed 
experimentally.  Statistics  up  to  the  second 
order  moment  showed  excellent  agreement  with 
experiments.  One  of  the  goals  of  this  study 
Is  to  Increase  our  understanding  of  the  ef¬ 
fects  of  multiple-frequency  forcing  on  the 
development  and  structure  of  a  mixing  layer. 
For  this  purpose,  we  use  the  same  flow  model 
and  the  same  flow  parameters  as  those  used 
by  Inoue  A  Leonard. 


MATHEMATICAL  FORMULATION  AND  NUMERICAL 
PROCEDURE 


For  details  of  the  flow  model,  readers 
are  referred  to  Inoue  A  Leonard  (1987).  We 
consider  two  uniform  flows  In  a  wind  tunnel 
which  are  separated  by  a  splitter  plate 
upstream  of  the  origin  (x-0)..  The  two  flows 
meet  at  the  origin  and  a  mixing  layer  Is 
formed  downstream  of  the  origin.-  To  simu¬ 
late  the  mixing  layer  by  a  vortex  method, 
discrete  vortices  with  the  same  sign  and  the 
same  strength  are  shed  one  by  one  at  every 
time-step  6t  from  the  origin.  The  complex 
velocity  potential,  f.  which  governs  the 
flow  development  for  N  vortices,-  Is  given  by 
N  r 

f  -  U„«i  ♦  1  Z  oi  log(B  -  *-) 
h  n-r"  " 

■  ‘  nM 

-  ‘  Jj4^  -  *».n> 

where  z  >  X  *  ly,  and  T  is  the  circulation 
of  each  vortex.  The  convection  velocity  Uc 
Is  defined  as  Uc  •  [V^*V2) /2,,  where  Uj,  and 

^2  **^1  *  ^2^  ®''®  lower-side 

velocities  of  the  mixing  layer  far  from  the 
x-axls,  respectively.  The  subscripts  u  and 
a  denote  the  upper-  and  lower-image  vor¬ 
tices.  respectively.  The  Image  vortices  are 
used  to  approximate  the  effect  of  walls  In 
the  wind  tunnel.  The  velocity  components  u 
In  the  x-dlrectlon  and  v  In  the  y-dlrectlon 
are  given  by 

u  -  Iv  -  1^  (2) 

The  time  development  of  an  Individual  vortex 
Is  determined  from  the  relation. 


dx  dy 

dT  *  "n’-  dT  ■  ''n 


(3) 


The  simulation  parameters  were  prescribed  as 
follows: 

time  step;  6t  •  0.1, 

convection  velocity:  Uc  •  3.2  ',4) 

velocity  ratio:  r  (E  U2/Uj^)  •  0.8. 

Forcing  Is  applied  such  that  each  new  dis¬ 
crete  vortex  that  appears  at  the  origin  Is 
assigned  the  velocity 

u  •  U^,.  V  •  Vj(t)  (S) 

In  addition  to  the  velocity  Induced  by  In¬ 
dividual  discrete  vortices .  As  our  main 
Interest  lies  In  multlple-frequency-forclng 
up  to  three  frequencies,  velocity  distur¬ 
bances  are  assumed  to  be  of  the  form,. 


«  AjSln(2Tif jt)  *  A2Sln(2Ttf2t+  Sj^) 

♦  A.  sln(2Ttf,t  ♦  S„)  (8) 

1  o  2 

The  parameters  pri scribed  for  forcing  are  as 
follows:' 

forcing  amplitudes;'  Aj^^Aj-Ag^O.BUc  (ijxed),; 
phase  angles:  ,  Sj'O .  tit/8 ,  in/4 . iii/2, b.;  (7) 

forcing  frequencies; 

f^  «  F  (fixed).,  fj.;  fg  -  F/2.;  F/3,;  F/4. 

In  the  above  expressions,  F  denotes  the 
predominant  frequency  of  an  unforced  flow. 
The  mean  flow  quantities  and  statistics  are 
obtained  by  averaging  Instantaneous  values 
over  the  period  200  i  t  i  1,400,  which  gives 
12,000  sampling  data  for  averaging  purpose. 

RESULTS  AND  DISCUSSION 

In  the  following  figures,:  for 
simplicity,:  the  expression  f  •  f j  ♦  f^  ♦  fg 

denotes  the  case  that  v^*  A^*sln(2nf j^t)  ♦ 
Ag^slnCRnfjt+fij^i  *  Ag«sln(2Bfgt»a2) 

Double-freauencv  forced  flows 

Distributions  of  momentum  thickness  are 
presented  In  Fig.'  1  where  the  predominant 
frequency  (F)  Is  combined  with  Irs  subhar- 
uonlcs  F/2,'  F/3.  and  F/4,  respectively.' 

When  the  predominant  frequency  Is  combined 
with  a  subharmonic  frequency,-  the 
predominant  frequency  dominates  the  roll-up 
process  imciedlately  downstream  of  the 
origin.  The  rolled-up  vortices  then  tend  to 
merge  regularly  and  the  momentum  thickness 
downstream  of  the  roll-up  region  Increases. 
The  number  of  merging  vortices  In  this 
region  depends  on  the  subharmonic  frequency 
which  Is  combined  with  the  predominant 
frequency)  that  Is,  every  two  vortices  merge 
regularly  when  f-F»F/2,  every  three  vortices 
when  f*F*F/3.  and  every  four  vortices  when 
f.F'*F/4.  New  vortices  which  are  produced  by 
multlple-vortux  merging  lead  a  saturation 
region  where  vortex  merging  la  Inhibited. 
As  seen  from  Fig.-  1,  the  thickness  ratio 
before  and  after  multiple  vortex  merging  Is 
about  two  for  f«F+F/2.  three  for  f*F*F/3  and 
four  for  f«F*F/4.  respectively.  Downstream 
of  the  saturation  region,  the  mixing  layer 
recovers  Its  growth.-  The  calculated  flow 
features  discussed  above  are  quite  similar 
to  those  observed  experimentally  by  Ho  A 
Huang  (1982).- 

The  range  over  which  the  relative  phase 
angle  6^  varies  Is  n  when  f-F+F/2,  2b/3  when 

f»F*F/3,'  and  n/2  when  f-F*F/4,,  respectively. 
With  this  phase  range  In  mind,  the  effect  of 
on  flow  features  was  examined..  From  Fig. 

1(a),  we  see  that  when  f•F'^F/2  two  different 
modes  of  mixing  layer  growth  exist.  That 
Is,,  when  Is  close  to  tB/2,  the  mixing 

layer  grows  Immediately  downstream  of  the 
origin  (40gxgl00).  We  call  this  mode  as  Mode 
I.  On  the  other  hand,  when  Is  close  to  0 

or  B,  the  growth  of  the  mixing  layer  Is 
delayed  (lOOSxSlSO) ..  We  call  this  mode  as 
Mode  II.  In  Mode  I  merging  of  every  two 
vortices  occurs  iomedlately  after  the  roll¬ 
up  of  vortices,  leading  the  rapid  growth  of 
the  mixing  layer  in  this  region.-  Mode  I  may 
correspond  to  vortex  pairing  mode  (Patnalk, 
Sherman  t  Corcos  1976;  Riley  A  Metcalfe 
1980).-  On  the  other  hand.  In  Mod'  II  vortex 
merging  Is  delayed,  leading  the  suppression 


of  the  mixing  layer  growth  after  the  roll-up 
of  vortices.  It  should  be  mentioned  that 
vortex  tearing  (or  shredding)  was  observed 
In  Mode  II  when  amplitude  ratio,,  AgMj.-  was 

sufficiently  large  (Inouo  1391). 

When  f»F+F/3,,  depending  on  6^^.-  three 
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different  patterns  of  vortex  merging  are  ob¬ 
served,;  as  shovm  In  Fig.-  2.  When  8^  •  -it/2 

(or  equivalently  «/6  from  the  view  point  of 
the  relative  phase  range  mentioned  before),- 
downstream  two  vortices  merge  first.  Then 
this  new  vortex  merges  with  a  third  upstream 
one.  When  -  ♦n/2,-  throe  vortices  merge 

simultaneously.  When  8^^  •  n  (or  n/3)., 

upstream  two  vortices  merge  first.  Then 
this  new  vortex  merges  with  a  third 
downstream  one.  In  consistence  with  the  de¬ 
pendency  of  vortex  merging  pattern  on  8^,. 

Fig.  Kb)  shows  that  the  momentum  thlcltness 
distributions  are  also  dependent  on  8^. 

When  f  ■  F  ♦  F/4,  depending  on  8^.,  vor¬ 
tex  merging  patterns  change  and  we  observed 
the  following  three  patterns. 

(1)  Type  A:-  Among  each  four  vortices. 

Inner  two  vortices  merge  Into  a  pair 
first.  Then  this  pair  merges  with  the 
third,  most  downstream  vortex.  Then, 
this  new  vortex  merges  with  the 
fourth,  most  upstream  vortex. 

(2)  Type  B:  As  In  Type  A,-  Inner  two 
vortices  merge  Into  a  pair  first. 

But.  this  time  the  pair  merges  with 
the  third,-  most  upstream  vortex. 

Then,  this  new  vortex  merges  with  the 
fourth,  most  downstream  vortex. 

(3)  Type  C:  Inner  two  vortices  merge 
first.-  Then,  this  new  vortex  merges 
with  the  other  two  vortices 
simultaneously  .- 

Ho  A  Huang  (1982)  observed.  In  their  mode  IV 
mixing  layer  where  every  four  vortices 
merge,  that  two  vortices  usually  merge  Into 
a  pair  and  two  pairs  then  form  a  single 
structure.  This  pattern  of  vortex  merging 
was  not  observed  In  this  case  of  f>F>F/4. 
Instead,  the  pattern  of  two-stage  vortex 
merging  Is  observed  In  a  triple-frequency 
forced  mixing  layer  with  f*F»F/2«F/4.  For 
more  details  of  the  flow  features  of  double¬ 
frequency  forced  mixing  layers,,  readers  are 
referred  to  Inoue  (19S9,;  1991). 

TrlDle-freouencv  forced  flows 

In  this  paper,  effects  of  triple¬ 
frequency  forcing  were  examined  for  two 
cases;,  f»F*F/2tF/3  and  f>F*F/2*F/4.  In  both 
cases,  the  results  showed  different  flow  be¬ 
haviors  depending  on  whether  8^  equals  0  or 

it/2.  It  should  be  remembered  that,  when 
f-F*F/2.  the  double-frequency  forced  flow 
with  8j^*n/2  Is  In  Mode  I  where  vortex  pair¬ 
ing  Is  enhanced  while  the  flow  with  8^  «  0 

Is  In  Mode  II  where  vortex  pairing  Is 
delayed.  Keeping  this  result  In  mind,  the 
triple-frequency  forced  flows  are  analysed., 
)*hen  the  triple-frequency  forced 

flows  show  quite  similar  behavior  to  the 
double-frequency  forced  flows  as  follows. 
That  Is.;  the  flow  when  f-FtF/2*F/3  with  8j^*0 

and  similar  to  the  flow  when 

f»F-fF/3  with  6j^‘82‘  flow  when 

f*FtF/2»F/4  with  8j«0  and  Sj'Sj  similar  to 
the  flow  when  f«FtF/4  with  As  en  ex¬ 

ample,  Instantaneous  plots  of  discrete 
vortices  for  the  case  of  f»F-»F/2tF/3  with  8^^ 

•0  are  presented  in  Fig.  3  for  three  dif¬ 
ferent  values  of  Bg-;  By  comparing  Fig.  3 


with  Fig.  2,-  we  can  readily  see  that  In  both 
double-  and  triple-frequency  forced  flows 
every  3  vortices  merge  regularly  and  that 
the  same  vortex  merging  pattern  appears  for 
the  same  relative  phase  angle  to  the 
predominant  frequency.  The  similar  results 
are  obtained  for  the  case  of  f-F*F/2»F/4 
Momentum  thlc)<ness  distributions  presented 
In  Fig.  4  show  that  when  Sj«0  each  triple¬ 
frequency  forced  flow  shows  close  values  to 
the  corresponding  double-frequency  forced 
flow.  This  result  Indicates  that  when  8^-0 

the  role  of  the  first  subharmonic  frequency 
F/2  In  the  triple-frequency  forced  flows  Is 
small  and  the  flow  fields  are  governed  by 
the  predominant  frequency  and  Its  lower- 
order  subharmonics  F/3  or  F/4. 

When  8^- n/2,;  on  the  other  hand,,  the 

triple-frequency  forced  flows  show  different 
features.  Instantaneous  plots  of  discrete 
vortices  and  momentum  thlcltness  distribu¬ 
tions  when  f*  F*F/2*F/3  with  ej-n/2  are 

presented  In  Figs.  5  and  B,-  respectively,; 
for  different  values  of  82.  When  Bj^-ti/2,, 

every  two  rolled-up  vortices  tend  to  merge 
Into  a  pair  regularly  Immediately  downstream 
of  the  origin  (40gx£100).  Indicating  that 
the  flow  In  this  region  Is  governed  by  Mode 
I  of  the  double-frequency  forced  flows, 
f*F-»F/2  with  8j"b/2.  Then,-  an  Inhibited 

region  of  voi tex  merging  Is  followed 
(lOOixilBO).  Then,  downstream  of  this  in¬ 
hibited  region,  every  three  pairs  which  were 
produced  by  the  every  two-vortlces  merging 
tend  to  merge  regularly,-  as  shown  In  Fig.-  S: 
every  six  vortices  merge  eventually.  The 
merging  patterns  of  every  three  pairs  are 
the  same  as  those  of  every  three  vortices  In 
the  double-frequency  forced  flows  when 
f.F-»F/3  presented  In  Fig.  3,  except  for  the 
case  of  e^‘n/2.  The  difference  of  the  merg¬ 
ing  pattern  between  the  double-fi ’quency 
forced  flow  with  8j,*n/2  and  the  t.lple- 

frequency  forced  flow  with  B^-71/2  may  bv  due 

to  the  unstable  nature  of  the  simultaneous 
merging  of  every  three  vortices  to  Irregular 
disturbances  (Inoue  1991).  As  a  result  of 
the  successive  merging  of  every  two  vortices 
followed  by  every  three  pairs,  the  momentum 
thickness  distributions  In  Fig.  6  show  about 
6  times  larger  values  after  the  vortex  mer¬ 
gings  than  the  value  Immediately  downstream 
of  the  origin..  When  f=F*F/2tF/4  with 
ej»B/2,,  every  two  vortices  merge  Into  a  pair 

Immediately  downstream  of  the  origin,  as  In 
the  case  when  f*F*F/2*F/3.-  In  the  case  when 
f«F+F/2*F/4,  however,  every  two  pairs  merged 
regularly  irrespective  of  8^  examined  In 

this  study..  The  phase  angle  B^  affects  on 

the  location  where  rery  two  pairs  start  to 
merge.  As  an  example,-  instantaneous  plots 
of  discrete  vortices  and  momentum  thickness 
distributions  are  presented  in  Fig.  7  and  8,; 
respectively.  As  seen  from  Fig.  7.  Im¬ 
mediately  after  the  roll-up  process  every 
two  vortices  merge  (bOSxSlOO),  In  accordance 
with  the  flow  features  for  the  case  of 
{‘F*F/2  with  Sj-B/g.  Then,,  a  Inhibited 

region  of  vortex  merging  follows.;  The  dis¬ 
tance  of  the  Inhibited  region  of  vortex 
merging  depends  on  the  phase  shift  Sj- 

Downstream  of  the  Inhibited  region,;  the 


second  region  of  vortex  merging  follows 
where  every  two  pairs  produced  In  the  first 
vortex  merging  region  (50  S  x  S  100)  merge 
regularly.  In  accordance  with  these  vortex 
merging  patterns,  the  momentum  thlcltness 
distributions  In  Fig.  8  show  two  stage  In¬ 
crease  In  momentum  thickness.  As  mentioned 
before,  Ho  &  Huang  (1882)  observed,  In  their 
mode  IV  mixing  layer  where  every  four  vor¬ 
tices  merge,  that  two  vortlcea  usually  merge 
Into  a  pair  and  two  pairs  then  form  a  single 
structure.  Our  results  suggest  that  three 
frequencies  (F,-  F/2  and  F/4)  might  have  co¬ 
existed  In  the  mode  IV  mixing  layer  of  Ho  t 
Huang  (1881). 

CONCLUDING  RENASKS 

The  effect  of  multiple-frequency  forc¬ 
ing  (up  to  3  frequencies)  was  examined 
numerically  by  a  vortex  method.  The  results 
showed  that  the  number  of  merging  vortices 
and  the  merging  patterns  of  vortices  can  be 
controlled  by  a  combination  of  the 
predominant  frequency  of  the  unforced  mixing 
layer  with  Its  subharmonics.  It  Is  also 
found  that  the  phase  shift  between  forcing 
frequencies  has  a  profound  effect  on  the 
process  of  vortex  merging  and  thus  on  the 
growth  of  a  mixing  layer. 

The  computation  In  this  work  was  done 
by  the  use  of  CRAY  Y-MP  at  the  Institute  of 
Fluid  Science,;  Tohoku  University.. 
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Fig.  2.  Effects  of  double-frequency 
forcing  on  vortex  merging  pattern.. 
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Flff.  3.  Effects  of  triple-frequency 
forcing  on  vortex  merging  (I). 
f»F+F/2*F/3.  8j*0.0. 
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Flj.  6.  Effects  of  triple-frequency  forcln*  on 
momentum  thickness  distributions  (I). 
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FI*.  S.  Effects  of  triple-frequency  forcing  on 
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ABSTRACT 

The  role  ol  large-scale  coherent  structures  in  the 
enhancement  of  mixing  and  chemical  reaction  In  tuibulent  free 
shear  flows  has  been  Investigated.  Direct  numerical  simula¬ 
tions  of  temporally  growing,  but  spatially  periodic  mixing 
layers  have  been  analyzed  over  a  range  of  DamMhIer  numbers 
through  rollup  and  two  successive  pairings  ol  the  spanwisa 
vorticss.  Mixing  layer  behavior  with  controltad  forcing  at  the 
fundamental,  subharmonlc,  anrf  30  random  frequencies  has 
been  studied.  The  presence  of  'rolls*  and  'ribs'  and  their 
mteracilons  can  significantly  modify  the  ap^s  ooncantration 
and  fnalanttnaous  reactfon  rale  fMds  In  a  manner  that  depends 
ctitleally  on  the  OamkShler  numbers.  The  ribs  play  a  crucial 
role  both  In  cross-straam  transport  and  In  wrinkling  the 
flame  sheet,  producing  enhanced  mixing  aiK  chemical  reaction 
In  both  the  braid  and  core  regions  of  the  few.  Significant 
dWarences  are  found  In  the  product  generation  mechanisms  In 
the  braid  and  core  regiona  ol  the  flow.  Direct  comparison  of 
two  simulations  with  and  without  3D  modes  pisssnt  shows 
substantial  Increase  in  product  generation  possible  in  the 
prssenosol  3D  modes. 


NmooucncN 

The  role  ol  large-scale  oohsrsnt  structures  (CS)  In  the 
transport  processes  In  reacting  and  nonreacting  turbulent 
shear  flows  is  now  wall  recognized  (Liu  1989;  Hussain 
1986),  but  vary  littio  Is  understood  about  the  rote  as  wall  as 
the  control  of  CS.  We  have  been  fnvestigatfng  some  of  the 
mechanisms  by  which  turbulent  large-scale  coherent  struc¬ 
tures  enhance  mixing  and  promote  chemical  reaction.  In  cur 
earlier  work  on  this  problem  (Lee,  Metcalfe  t  Hussain 
1990),  we  found  that  the  streamarlse  vortical  structures 
(called  'ribs*)  anhanoa  the  reaotioh  rate  by  eonvciuting  the 
raaotlon  surface  and  enhancing  the  transverse  transport 
inhing  of  the  two  species,  although  the  relailve  slgnilleanos  of 
this  effect  is  very  sensitivs  to  the  spades  diflusivlly.  For 
cert^  Schmidt  numbers  (Sc),  the  enacts  of  flame  shortening 
are  balanosd  by  flame  sheet  stretching  by  iha  vortex  pairing 
process.  Under  certain  conditiona,  the  ribs  remain  d^ami- 
cally  activa  oohareni  structures  over  limes  even  longer  than 
the  Ilfe-tlmes  of  the  rolls  (Lasheras,  Cho  8  Maxworthy 
1986).  The  ultimate  breakdown  of  such  structures  Is  a  very 
complex  process  which  can  significantly  affect  the  Imer- 
spadas  mixing  and  the  reaction  rats  at  higher  Sc.  The 
evelullon  of  these  structures  has  also  bean  examined 
numericafly  by  Buafl  8  Mansour  (1990)  and  Rogers  8  Moser 
(1990).. 


kciHXOuxnr 

Qovemfog  EqiMkm*;  The  sknulations  dasertbad  In  this  paper 
are  of  a  tam^elly  growing  frae  mixing  layer  wHh  a  binary, 
aingle-atep,  irreveraibls,  isothermal  chemical  reaction  In  an 
incompreMible  flow,  Psriodio  boundaiy  cendMons  are  appNed 
In  the  atreamwlae  and  spanwise  dkeetlons,  and  tree-slip 
condKions  fo  Oie  transverse  diractlon.  The  basic  goverr^ 
equations  are  the  30  Naviar-Stekss  equMfons  with  reaetlon- 
dmuslon  equations  describing  the  interaction  of  the  two  Ini¬ 


tially  segregated  spades.  The  rsaction-dilfuslon  equations  are 
^  +  u'VCi»-aCiC2  +  KV’Ci,  (1) 


with  two  similar  equations  for  Ci .  Cg,  and  Cp,  where  Ci,  Cz, 
and  Cp  are  the  molar  concantiatfons  of  the  two  species  and  the 
raactlon  produd  respectively.  The  reaction  rate  ooeffldent  a 
and  the  spedes  dHfusIvlty  x  are  constants.  Wa  hava  also  per¬ 
formed  simulatloits  ol  the  limiting  case  of  an  inlinita  reaction 
rate,  which  can  be  done  using  a  conserved  scalar  approach. 
Details  ol  the  numerical  methods  and  problem  definition  are 
given  elsewhere  (Lee,  Metcalfe  8  Hussain  1990;  Riley, 
MatcaHs  8  Orszag,  1986) 

liUHtl  CotxSIhm:  The  simulations  have  been  Initlallzsd  using 
both  the  most  unstable  mods  (fundamental)  derived  from 
linear  stability  analysis  and  Its  subharmonlc  at  various 
perturbation  velocity  amplitudes  (cl.  Table  1)  with  a  hy- 
partxtiic  tangent  mean  velodly  profile  of  the  form 

U(z)=^ianh||-j  (2) 

Hera,  AU  Is  the  velodty  difference  across  the  layer  and  5|  Is 
the  Initial  mean  vortidly  thickneas.  The  coordinates  (x,y,z) 
and  velocity  components  (u,v,w)  refer  to  the  streamwise, 
spanwise,  and  transverse  flow  directions  respectively.  The 
velodty  Held  is  nondimenslonallzsd  by  aU  and  Arne  by  XpAU, 
where  kf  Is  the  wavelength  ol  the  fundamental.  The  Reynolds 
number  Is  defined  by  Re  -  aU8|/2v,  the  Schmidt  number  Sc 
•  v/x,  and  the  first  and  second  Damkahler  numbers 
0)  •  zpoC^/AU  and  Dit  •  Zo^aC«/K;  the  latter  two  rep¬ 
resent  the  ratio  ol  the  oonvedfon  to  the  readlon  time  scales 
and  diffusion  to  reaction  time  scales  respectively,  zg  Is  the 
initial  thickness  ol  the  reaction  zone. 


In  addition  to  the  two-dimansfonal  unstable  modes,  in  moat 
slmdstions  a  3D  valocity  perturbation  Held  was  added  In 
order  to  simulaie  the  effoct  of  background  turbulence  and  to 
permH  the  growth  of  the  most  unsiabls  3D  disturbaneas  aa 
well.  The  energy  apaclrum  of  this  field  had  a  tow  wevenwnber 
peak,  and  ihen  dscreasad  smoothly  by  about  fwt.'  orders  of 
magnihaie  to  the  cutoll  wavenumber.  The  initial  peak  turbu¬ 
lence  Intenalty  varied  from  about  1%  to  8%  of  AU  (cf.  Ttbh 
1).  The  Initisi  reactant  concentrations  are  defined  In  terms  of 
error  functions  to  represent  Initially  segregated  species  (Fig. 
1).  Detaila  regarding  the  inWalktatlon  procedure,  equations 
of  motion,  and  use  of  psaudo-spactral  numerical  malhcds  to 
solve  the  equations  are  given  elsewhere  (Riley,  Metcalfe  8 
Orszag  1966,  Metcalfe  at  al  *96^. 


SIMULATIONS 

The  simulations  analyzed  In  this  work  wars  performed  using 
efiher  643  or  1283  Fourier  modes.  The  Initial  Reynolds 
numbers  as  defined  above  ranged  from  Re  >  60  -  170,  and 
Schmidt  numbers  ranged  ftom  So  -  0.06  -  2.0.  Simufetfons 
with  Schmidi  numbers  much  largar  than  1  become  very  dff- 
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ficult  due  to  the  discrepancies  at  high  wavenumber  scales  of 
velocity  and  species  concentration  fields 

Both  64^  and  128^  calculations  were  performed  with  the 
given  initial  conditions.  The  643  almulations  Involved  the 
rollup  of  the  fundamental  mode  which  saturated  at  a  non<tl- 
menslonal  time  of  t  ~  3.2  for  runs  1  -8  and  t  ■■  2.4  for 
runs  11  ■  21 ,.  while  Ihe  subharmonic  saturallon  times  ware 
t  -  7.0  and  4.8.  In  the  1 28^  simulations,  an  additional 
pairing  event  was  simulated.  At  the  time  of  saturation  of  the 
quarter-harmonic  f/4  mode,  the  ribs  have  become  very 
strong,  as  can  be  seen  In  Fig.  2,  which  Is  an  isosurface  plot  of 
the  magnitude  of  the  sireamwise  vortieity. 

Modal  Energy  Srowfft;  The  growth  of  the  streamwise  funda¬ 
mental  energy  (Ef),  Arst  and  second  subharmonics  (Ef/g  and 
Ef/4),  and  those  of  non-zero  spanwise  modes  (£30)  are  shown 
in  Fig.  3.  Here,  we  have  rotiup  of  the  fundamental  at  t  -  1.S, 
and  saturation  of  the  8rst  and  second  harmonics  at  t  -  4  j  and 
1 1  respectively.  Note  the  suppression  of  the  growth  of  the 
second  subharmonic  during  saturallon  of  the  first  subhar¬ 
monic  mode,  but  subsequent  growth  by  extracting  energy  from 
E(/2,  as  saen  In  laboratory  experiments  (Lasheras,  Cho  & 
Maxworthy  ir86,  Lasheras  &  Choi  1988).  Also,  nole  the 
strong  suppression  of  the  three  dimensional  modes  related  to 
the  secondary  Instablllhas  during  saturallon  of  the  subhar¬ 
monies,  si^estlng  strong  nonlinear  Interaction.  Velocity  Held 
energy  spectra  and  power  spectra  of  the  species  concentration 
fields  (Fig.  4)  were  monitored  during  the  simulations  to 
verify  the  accuracy  of  the  calculation.  The  relalhraly  smooth 
spectral  distrlbutloh  near  the  cutoff  wavenumber  Is  an  Indi¬ 
cation  of  a  well  resolved  field. 


DYNAMICAL  EWXXmON  OF  BEOMIARY  NSTABIUTIES 

Vortex  Una  AnrUyUa:  As  discussed  above,  the  secondary  In- 
stahUHIes  In  the  flow  play  a  cdllcal  role  In  enhancement  of 
mixing.  A  useful  technique  tor  analyzing  the  evolution  of 
secondary  Instabilities  In  our  simulations  Is  vortex  line 
tracing.  Although  these  are  viscous  calculations,  so  that  there 
Is  diffusion  of  vorlloity,  It  Is  possible  at  any  Instant  of  time  to 
trace  vortex  lines  which  provide  an  excellent  means  of  char¬ 
acterizing  vi'flioal  structures  and  their  topology.  The  vortex 
line  tracing  algorflhm.  developsd  at  the  NASA  Ames  Research 
Center,  Is  very  robust,  and  was  carefully  tested  during  our 
analysis  by  comparlsan  with  other  graphical  means  for  dis¬ 
playing  vortidly  Information  and  by  checMng  that  the  de- 
tsrmlnatlan  of  a  vortex  fine  wu  hide^ndsnt  of  the  dbsctlon  ta 
imsgration  along  H.  The  magnitude  of  the  vomcHy  Is  shown  in 
the  plote  by  a  gray  scale  code.  In  which  fines  of  peak  vortieity 
are  black  or  solid,  while  at  lower  levels,  the  lines  become  grey 
ordashed. 

At  early  times,  the  kinked  vortex  lines  In  the  braids  get 
stretched  Into  horseshoe  shaped,  counterrotating  streamwfsa 
vorticss  which  are  linked  (Fig.  5a).  At  this  point,  the  ribs 
have  an  efiipticnl  cross  section  prior  to  their  'oollapM’  Into  a 
circular  cross  section,  as  In  the  model  of  Un  5  Corcos 
(1984).  At  later  limes,  the  stretching  continues  until  welt- 
defined  rlw  have  begun  to  form  (Fig.  Sb).  By  carefully  ana¬ 
lyzing  the  mechanisms  of  their  formation.  It  is  clear  why  the 
ribs  tend  to  be  linked  sinictures,  connected  to  each  other, 
rather  than  Independent  tofma. 
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REACnON 

Emkieon  ol  Reacdon  Zone:  The  Importanos  of  thsss  structures 
to  the  chemical  reaction  Is  characterized  fit  Figs.  6a-c,  which 
are  Isosurface  plots  of  the  instantaneous  reaction  rate  at 
several  times  during  the  rolliqj  and  two  piWngt  ef  the  f,  Vi, 
adn  1/4  modes  in  a  128®  simulation.  Earty  In  the  simulation, 
the  cf^ksal  reaction  Is  largely  determined  by  the  dynamics  of 
the  20  spanwise  vortex  roHup.  The  three-dimensional  sec¬ 
ondary  kistabllilles  have  not  yet  had  time  to  grow  vary  1^. 
The  name  sheet  Is  oontktuous,  wHh  stretching  In  the  vortex 
cores  prmrWng  a  msehanisffl  to  kicreasa  product  generation. 


At  a  sllghlly  later  lime,  1  -  3.2  (Fig.  6a),  flame  shortening 
has  begun  to  occur  In  the  rolls,  as  can  be  seen  In  the  cross- 
sectional  plans  y  -  0.  As  1/2  saturates,  flame  shortening 
Increases,  leaving  the  cores  filled  with  product  and  hence  low 
levels  ol  reaction  there.  The  ribs  are  beginnihg  to  affect  the 
reaction  in  the  braid  region,  as  can  be  seen  by  the  uneven 
thickness  ol  the  flams  sheet  in  the  cross-sectional  plane  x  »  0. 
At  t  -  S.3  (Fig.  fib),  the  pairing  ol  1/2  entrains  non-vortloal 
fluid,  and  thus  unraacted  spedss,  Into  the  chemical  reaction 
zona  by  Blot-Savart  induction  (Lasheras  et  al  1986).  Thus, 
the  flame  sheet  again  lengthens,  and  the  total  rats  ol  product 
generation  increasM.  The  spanwise  convolution  ol  the  flame 
sheet  due  to  the  ribs  also  becomes  more  strongly  evident.  At 
the  saturation  ol  1/4,  l.s.  during  the  second  pairing,  the  new 
tayer  ol  hash  reactants  Is  folded  into  the  core  ol  the  rolls, 
resulting  In  a  multilayered  flame  sheet  (Fig.  6c,  t  -  85).  in 
the  crossactlonal  plane  y-o,  one  can  see  the  rernnams  of  the 
ok)  flame  shortened  cores  ol  the  fundamental  modes  with  a  new 
layer  ol  reactants  separating  them.  The  potential  Importance 
ol  the  secondary  Instabilities  and  complex  vortical  motion 
insids  the  cores  Is  evident  In  their  effect  on  the  flame  sheet 
Inside  the  core  that  Is  visibla  In  the  cross-sectional 
view  In  the  plane  x.o  WHh  the  pairing  at  (/4,  the  flame 
sheet  stratchlng/flame  shortening  cycle  is  repeated  again  on  a 
larger  scale. 

Schm/df  number  eVects:  Al  larger  values  ol  D||,  the  flame 
sheet  in  the  braid  region  will  be  thinner,  and  Hs  distortion  by 
Ihe  ribs  will  tend  to  become  more  Important,  Increasing 
product  generation.  As  Dg  decreases,  however,  Ihe  thicknatt 
of  the  flame  sheet  increases,  and  when  the  flame  sheet  thlcfc- 
nesB  becomes  significantly  larger  than  the  diameter  of  the 
ribs,  the  effect  of  the  riba  becomes  lass  Important  in  product 
generation.  Of  course,  when  both  D|  and  D||  are  veiy  large, 
the  presence  ol  the  ribs  can  enhance  the  reaction  rale  until 
flame  shortening  within  the  core  ol  the  ribs  occurs.  Similar 
effects  can  be  seen  In  the  core  regions.  Figs.  7a  vtd  7b  show 
the  flame  sheet  In  the  core  region  at  two  different  Schmidt 
numbers.  At  high  Sc  (Fig.  7a),  the  concentration  gradienis  are 
larger  and  small  scale  wrinkling  or  distortion  ol  the  flame 
sheet  Is  more  Important.  Also,  flame  shortening  in  the  core  is 
delayed  due  to  the  lower  species  diffustvlty  (see  below),  and 
significant  product  generation  continues  much  longer  than  at 
lower  Sc.  lower  Sc  (Fig.  7b),  only  the  larger  scale  sec¬ 
ondary  instabilities  and  vortical  modes  significantly  afleci  the 
flame  sheet. 

At  the  Re  and  Sc  ol  the  present  calculations,  it  Is  possible  to 
simulate  flows  very  dose  to  lire  last  reaction  limit.  Our 
simulations  show  that  significant  features  as  well  as  many 
smaller  details  of  the  product  field  in  the  core  of  the  sub- 
harmonic  at  D|  •  1  and  >  are  similar.  This  suggests  that 
Dt .  t  Is  adequate  (at  these  Re  and  8c)  to  capture  the 
asynytotlc  behavloi.  The  product  m  the  cores  is  wen  mixed 
(small  gradients)  due  In  part  to  the  random  vortical  motion  ol 
the  trapped  ribs.  There  are  steep  gradients  at  the  lop  «id  bot¬ 
tom  where  fresh  product  is  carried  In  from  Ihe  brak)  region. 
The  presence  of  the  ribe  makes  this  Interface  strongly  con¬ 
voluted. 


OF  LARGE  BC^  STRUCTim  C3N  (»«ylCAL 

REACTION 

Reaction  Zone  atretohlngrahortenlng:  The  temporal  variation 
d  low  product  generation  rata  wHh  Damktihlar  number  shows 
the  Impotlant  effect  of  the  large  scale  structures.  In  Fki.  8, 
the  reaction  enhancement  due  to  flame  sheet  stretehlno  up  to 
the  saturation  of  the  fundamental  Is  ctearty  viable  from  t  •  2 
to  4,  and  by  the  subharmonlc  from  1  -  6  to  9.  It  Is  War- 
esllng  to  note  that  after  fundamental  saturation,  flame  short¬ 
ening  ^rs  more  rapidly  at  higher  values  of  Of.  so  that  tiiere 
i$  an  blervd  (  6  •.  1  <  8)  duriiHi  which  product  generation 
dOcraasea  with  kioreaslng  0|.  This  dearly  auggaait  tiw  fin- 

yd  hew  critically  the  of  the  exdiaiion  depend  on  Ihe 
DwtiiOhler  number.  The  relatkre  Importance  of  Ihe  ribe  In 
produd  generation  Is  atao  strongly  dspsndim  on  Of.  At  higher 
mactioriraies,  whan  flame  shortening  eecuta  seener  In  the 
cores,  the  relative  role  of  produd  generation  In  the  brak) 
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rtglon,  where  freeh  reectents  ere  continuously  brought  to¬ 
gether,  becomes  more  Important  (Fig.  9). 


Product  Qsnortlkm  In  Brtid  tnd  Cor*  floglons:  The  dramati¬ 
cally  different  evolution  of  the  flow  In  the  braid  and  core  re¬ 
gions  of  the  mixing  layer  producea  significant  differences  In 
product  generation  and  accumulation.  Fig.  10  shows  the 
relative  accumulation  of  product  in  the  braid  and  core  at  the 
time  of  saturation  of  tii.  The  total  product  at  each  atreamwise 
location  Is  piotted  as  a  function  of  the  atreamwise  ooordnate  x. 
The  streamwise  periodicity  of  the  domain  in  this  64^ 
simulation  produces  the  (statistical)  symmetry  apparent  in 
the  figure.  At  lower  Sc,  the  strong  Interapecles  diffusion  In 
the  bralda  allows  more  rapid  generation  of  product  there,  and 
thus  more  accumulation  than  at  higher  Sc.  Note  that  at  higher 
Sc,  there  Is  nearly  10  times  as  much  product  In  the  cores  as  in 
the  braids.  Another  Important  aspect  of  the  differing  nature  of 
the  Instabilities  In  the  brakt  and  core  regions  la  Illustrated  in 
Figs.  1  la  and  11b.  Here,  the  Instantaneous  product  generation 
at  each  atreamwise  plane  Is  plotted  In  as  In  Fig.  10  just  alter 
uturatlon  of  the  fundamental  (11a)  and  alter  saturation  of  the 
subharmonic  (11b).  The  product  generation,  of  course,  in- 
creasas  with  0|  everywhere  In  the  flow,  other  factors  being 
equal.  As  the  flow  evolves,  however,  the  reaction  rate  remains 
nearly  constant  In  the  braid  region,  where  the  ribs  have  not 
yet  undergone  a  rescaling  to  a  larger  spacing.  In  the  cores, 
where  pairing  of  vorticas  has  Increassd  reactant  concentra¬ 
tions,  product  generation  rises.  This  suggests  that  ear^ 
rescaling  of  the  ribs  could  be  very  Important  In  enhancing 
product  generation. 


IMPORTANCE  OF  THREE-OMBfSIONAUTy  IN  PROOUCT 
GBBWnON 


We  have  rSscussod  in  some  detail  in  the  previous  sections  the 
role  of  secondary  Instabilitlas  In  enhancing  the  chemical  re¬ 
action.  Thus,  it  Is  of  some  Interest  to  make  a  direct  compar¬ 
ison  between  the  evolution  of  a  reacting  flow  with  and  withaut 
such  modes  present.  Fig.  IZa  Is  a  plot  of  the  reaction  zone  of  a 
simulation  In  which  only  20  kistabliities  were  excited,  while 
Fig.  12b  Is  from  an  IdenHoal  simulation  except  that  both  20 
and  30  Instabilities  were  excited.  It  is  apparent  that  the 
presence  of  the  additional  modH  increases  the  complexity  of 
the  flow,  and  the  possibility  fOr  enhanosd  mixing.  As  discussed 
earlier  In  thin  paper,  the  saoondaiy  Instabilities  Increase  the 
stretching  and  convolution  of  the  flame  sheet,  and  appear  to 
enhance  product  generation.  That  this  Is  In  fact  the  case  Is 
shown  In  Figs.  13  and  14  in  which  the  volumetrically  Inte¬ 
grated  instantaneous  reaction  rats  is  plotted  as  a  function  of 
time  tor  the  two  simulations.  It  Is  clear  that  the  presence  of 
the  30  modes  does  Increase  product  generation  over  the  entire 
course  of  mixing  layer  wth  In  these  simulations.  An  Im¬ 
portant  Issue  that  Is  si.agesie''  by  these  comparisons  Is 
whether  It  Is  possible  to  determine  an  optimal  strategy  lor 
exciting  two-  and  three-  dimensional  Instabiiltiss  that  will 
maximize  product  generation.  This  will  of  course  depend 
strongly  on  the  various  parameters  such  as  the  Reynolds  and 
Oamkdhiur  numbers.  Nonethefess,  we  feel  H  wilt  be  in¬ 
structive  to  investigate  such  a  posMIHy  for  a  chdoe  of  pa- 
ramefers  within  the  range  which  can  now  be  approached  by 
dirsut  numertcal  simulation. 
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The  nouiion  (s,b)  denotes  an  initial  exciiaiion  of  the  2D 
and  3D  inodes  having  peak  rms  velocity  amplitude  of  a 
and  b  perceni  with  respect  to  AU . 


Figure  1  Problem  geometry  and  Initial  condiiiona 


Figure  2  Isonrfaca  plot  of  Iwl  ■  dOo.maa  SI  T  •  4.8 
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ABSTRACT 

A  new  flow  visualization  method  is  presented  which  can 
be  applied  to  very  complex  airflows,  including  turbulent 
shear  flows  and  bursted  vortices.  Based  on  the  idea  of  3. 
Steinhoff  (Ref.  1),  thin  and  sharp>edged  smcrire  lines  are 
placed  within  the  interesting  flow  region  by  projecting 
small,  burning  pellets  through  the  flow.  The  smoke 
traces  behave  like  time  lines  and  can  be  photographed 
using  multi'-flash  photography.  By  measuring  the  displace* 
ment  of  the  traces  between  adjacent  flashes,  the  flow 
velocities  can  be  determined.  Flow  photographs  are  pre* 
sented,  showing  turbulent  shear  flows  with  a  spatial  re* 
solution  of  less  than  one  millimeter  and  flow  velocities 
of  up  to  20  m/s.  Further  examples  show  the  development 
of  a  tip  vo'’tex  and  the  bursting  of  vortices  due  to  the 
pressure  field  of  an  approaching  wing.  The  flow  veloci¬ 
ties  can  be  measured  relatively  accurately  using  the  new 
method  in  combination  with  digital  stereometric  image 
processing  techniques. 

The  great  advantage  of  the  method  is  the  Lagrangian 
view  of  the  flow  •  common  for  almost  all  visualization 
techniques  together  with  the  possibility  to  produce 
quantitative  results.  Interesting  flow  patterns  and  their 
development  over  space  and  time  can  easily  be  studied. 


INTRODUCTION 

Flow  visualization  is  an  important  tool  in  the  study  of 


which  has  several  advantages  over  the  currently  used 
methods.  After  a  short  principal  description  of  the  meth¬ 
od  (a  more  detailed  description  can  be  found  in  Refs.  2 
and  3),  several  flow  photographs  will  be  presented  and 
discussed,  emphasizing  the  applicability  of  the  new  meth¬ 
od  to  the  investigation  of  turbulent  flow  fields  and  the 
roll-up  and  bursting  of  vortices.  Finally,  the  procedure  to 
obtain  quantitative  results  of  the  entire  flow  field  using 
digital  image  processing  techniques  will  be  indicated. 


THE  NEW  VISUALIZATION  TECHNIQUE 

The  new  method  is  based  on  the  idea  to  produce,  at  one 
instant,  an  initially  straight  line  of  smoke  within  the 
flow  at  an  arbitrary  direction  or  location,  normally  per¬ 
pendicular  to  the  main  flow.  The  smoke  particles  in  this 
smoke  trace  are  very  small  and  follow  the  airflow  very 
closely.  Their  motion  can  be  used  to  determine  the  flow 
velocities  normal  to  the  smoke  trace  and,  under  certain 
circumstances,  also  along  the  trace.  The  smoke  traces 
have  sharp  edges,  are  very  thm,  can  cover  distances 
greater  than  one  meter,  and  can  be  placed  almost  every¬ 
where  In  the  flow  field.  They  are  created  by  heating 
very  small  titanium  pellets  and  projecting  them  through 
the  flow.  Due  to  the  heating  the  pellets  arr  burning  and 
produce  a  trace  of  dense,  white  titanium  d-  >xide  smoke 
which  fills  the  wake  of  the  pellets.  As  a  pellet  has  a 
diameter  of  less  than  l/IO  of  a  millimeter,  its  wake  and 
therefore  the  smoke  trace  is  not  wider  than  0.5  milli¬ 


complex  flow  patterns.  The  visualization  images  allow 
the  qualitative  description  of  the  entire  flow  field  and, 
in  some  cases,  also  the  quantitative  measurement  of 
flow  characteristics  like  the  flow  velocities.  It  is  very 
importMt  to  obtain  these  quantitative  data  for  the  veri¬ 
fication  of  flow  field  calculations  using  Computational 
Fluid  Dynamics  codes  (CFD). 

Currently  used  methods,  like  smoke  injection,  smoke 
wire,  pulsed  smoke  wire,  the  helium  bubble  technique, 
the  spark  tracer  technique,  or  the  recent  phosphorescent 
tracer  techniques  all  have  distinct  disadvantages  which 
prevent  their  application  io  special  flow  fields.  A  more 
detailed  discussion  and  comparison  of  these  methods  is 
presented  in  Refs.  2  and  3.  Alternatives  are  the  probe- 
based  methods  (hot  wire)  or  the  Laser  Vc^ocimetry  (Refs, 
a, 5).  These  methods,  however,  are  restricted  to  the 
measurement  of  statistical^  data  of  the  flow  or  single 
point  measurements  and  canfiot  give  desired  lagran¬ 
gian  view  of  the  flow,  *vhirh  allows  tlie  observation  and 
measurement  of  singular  complex  flow  patterns  and  their 
development  over  space  and  time.  This  is  very  important 
for  the  investigation  of  laminaf-turbuient  transitions  or 
bursted  vortices. 

In  this  paper,  a  new  flow  visualization  technique  and 
Its  application  to  complex  fluid  flows  will  be  introduced, 


meter.  The  disturbance  of  the  flow  induced  by  the  pellet 
and  Its  wake  is  apparently  very  small  and  can  be  neg¬ 
lected,  since  when  the  trace  is  being  observed,  the  pel¬ 
let  has  gone  beyond  the  observation  region  a  distance 
several  orders  of  magnitude  greater  than  its  diameter 
and  all  disturbances  in  the  wake  have  decayed.  After  be¬ 
ing  placed  within  the  flow,  the  smoke  trace  behaves  like 
a  time  line.'  Using  a  stroboscope  or  several  triggered 
flashes,  the  light  scattered  by  the  smoke  can  be  photo¬ 
graphed.  Flow  velocities  can  be  determined  by  measuring 
the  displacement  of  the  smoke  traces  between  subse¬ 
quent  flashes. 

The  shooting  mechanism  consists  of  a  thin  glass  pi¬ 
pette  and  works  according  to  the  principle  of  an  explo¬ 
ding  wire  (Ref.  6  to  8)  (see  figure  I),  A  relatively  large 
(I  millimeter  diameter)  titanium  pellet  electrically  con¬ 
nects  two  wires.  Power  is  supplied  by  large  capacitors. 
Due  to  the  wire  explosion  the  relatively  large  titauum 
pellet  partially  disintegrates  into  extremely  small  ti¬ 
des,  which  start  burning  (diameter  less  than  1/10  of  a 
millimeter).  The  rest  of  the  large  pellet,  which  is  of  no 
further  interest,  and  all  the  burning  particles  are  accel¬ 
erated  by  the  explosion  and  leave  the  glass  pipette  at  a 
spreading  angle  of  approximately  10  degree  and  at  a 
speed  of  200m/s  and  more,  depending  on  the  energy  pro 
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vided  by  the  capacitors.  At  the  distance  of  0.3)m  an 
aluminum  screen  (figure  2)  with  a  small  hole  extracts 
one  of  these  small  particles,  which  then  finally  continues 
along  Its  path  through  the  region  of  interest  within  the 
flow.^  Due  to  this  special  screen  arrangement,  the  proba* 
bility  IS  high  that  only  one  particle  leaves  the  apparatus, 
called  "Visualization  Cun".  Final  particle  speed  is  be¬ 
tween  50m/s  and  MOm/s.  If  necessary  for  a  high  speed 
flow  field,  It  IS  possible  to  extend  the  particle  speed 
with  the  present  apparatus  up  to  about  25Qm/s.  The  par¬ 
ticle,  however,  will  slow  down  significantly  due  to  the 
aerodynamic  drag  for  longer  shooting  ranges. 


Fig.  1  Glass  pipette 


Fig.  2  Visualization  Gun 


Usable  shooting  distance  with  the  gun  is  about  0.5m 
to  2.0m,  depending  on  the  particle  speed,  size,  and  tem¬ 
perature.  After  this  distance,  the  particle  becomes  ther¬ 
mally  unstable  and  disintegrates  or  explodes  into  a  fire¬ 
work  of  even  smaller  particles. 

Since  the  pellet  is  incandescent,  it  leaves  a  photo¬ 
graphic  image  as  it  traverses  the  flow,  separate  *  **m 
the  illuminated  smoke  trace.  Due  to  drag  forces  on  the 
pellet  caused  by  the  airflow,  its  image  is  not  exactly  a 
straight  line.  This  effect  can  be  large  and  influences  the 
location  of  the  smoke  trace.  It  is  therefore  not  possible 
to  place  the  line  at  an  exactly  predefined  position.  When 
the  pellet  has  crossed  the  whole  region  of  interest,  the 
'‘moke  trace  is  ready  to  be  photographed.  At  this  time, 
however,  the  trace  is  already  influenced  by  the  flow  and 
by  flow  disturbances.  This  means  that  the  older  pans  of 
the  smoke  trace  have  irregularities.  This  effect,  rather 
than  causing  a  problem,  is  helpful  for  determining  the 
flow  direction  by  following  distinct  recognizable  local 
irregularities  over  subsequent  flashes. 

For  the  illumination  of  the  smoke  traces  a  set  of  up 


to  four  pre-charged  flashes  is  used.  Flash  rising  time  is 
0.01  ms  and  decay  time  to  half  intensity  is  about  0.5ms. 
Due  to  this  relatively  long  decay  time,  the  "leading 
edge"  of  the  smoke  trace  image,  i.e.,  the  edge  in  the 
direction  of  the  flow  \elocity,,  is  diffuse.  The  trailing 
edge  (this  is  the  position  of  tlie  line  .■’t  the  flash  rise), 
however,  is  very  sharp  due  to  the  very  fast  flash  rising 
time.  Therefore,  )ust  the  sharp  trailing  edge  should  be 
u'ed  for  velocity  measurements.  Since  there  is  one  sharp 
edge,  the  relatively  large  width  of  the  line  image  has  no 
adverse  effect.  On  the  contrary,  it  can  be  helpful  to  de¬ 
termine  the  flow  direction  by  observation  of  the  fading 
of  the  smoke  trace  image. 

Most  of  the  visualization  photographs  presented  in 
this  paper  are  part  of  an  investigation  of  the  complex 
flow  field  of  a  hovering  helicopter  rotor.  Two  cameras 
were  used  simultaneously  to  provide  a  stereometric  view 
of  the  smoke  traces.  One  of  these  (the  side  view  cam¬ 
era)  was  set  to  have  a  radial  view  towards  the  tip  of 
the  rotor  blade,  showing  the  chordwise  flow  on  the 
blade.  The  other  one  (the  oncoming  view  camera)  was 
set  to  have  a  tangential  view  of  the  rotor,  looking  at 
the  blade  leading  edge  and  showing  the  radial  flow  on 
the  blade.  The  viewing  angles  of  the  cameras  were  ro¬ 
tated  slightly  from  these  ideal  positions  to  avoid  blade 
surface  light  reflections  while  keeping  a  good  view  or 
the  smoke  traces.  The  rotor  used  has  two  blades  at 
fixed  pitch  of  10  degree  at  the  tip  with  33®  twist  and  Is 
1.4m  in  diameter.  The  experiments  were  performed  at  a 
rotor  speed  of  666rpm,  giving  a  tip  speed  of  4^.6m/s. 
This  was  actually  a  constraint  of  the  available  test  rig. 
As  can  be  seen  in  the  smoke  photographs,  however,  this 
should  not  be  j  limit  for  the  method. 


DISCUSSION  OF  :he  flow  visualization  images 

Figure  3  gives  a  first  impression  of  the  capabilities  of 
the  method  m  an  initial  test.  Here,  in  a  simple  environ¬ 
ment,  the  wake  of  an  airfoil  section  in  a  windtunnel  at 
a  very  low  air  speed  of  1.3m/$  is  shown  (Ref.  9).  The 
straight  line  is  the  image  of  the  incandescent  pellet.  In 
a  four-flash-sequence  the  smoke  line  shows  the  flow  m 
the  wake  of  the  airfoil. 


Fig.  3  Wake  of  an  airfoil 


As  mentioned  abovci  the  method  has  been  applied  to 
the  tlow  field  of  a  hovering  helicopter  rotor  to  provide 
a  much  more  complex  environment  with  developing  tip 
vortices,  vortex  breakdown  due  to  the  influence  of  the 
fast  moving  rotor  blades,  and  complex  turbulent  flow 
regions. 

Figure  a  presents  the  developing  tip  vortex  with  maxi¬ 
mum  tangential  velocities  in  the  vortex  of  20m/s,  The 
leading  edge  of  the  rotor  blade  is  moving  towards  the 


Fig.  a  Tip  vortex  at  a  rotor  blade 


Fig.  5  3-dim«sional  reconstruction  of  tip  vortex  roll-up 
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observer.  Due  to  the  slight  viewing  angle  of  S  degree 
relative  to  the  rotor  disk  which  is  necessary  to  avoid 
light  reflections  on  the  twisted  blades,  the  blade  seems 
to  move  downward  in  the  image.  The  smoke  trace  stays 
at  about  the  same  azimuthal  rotor  position  during  the 
four  flash  ae(,uence,  which  is  in  the  image  plane.  The 
blade  (or  its  quarter  chord  line),  however,  moves  from  a 
position  of  shortly  behind  the  image  plane  at  the  first 
flash  (uppermost  blade  image)  over  the  exact  image 
plane  position  at  the  second  flash  to  an  azimuthal  po¬ 
sition  shortly  in  front  of  the  image  plane  at  the  third 
flash  and  finally  to  the  last  position,  where  even  the 
trailing  edge  has  moved  in  front  of  the  image  plane 
(fourth  flash)  lowermost  blade  image). 

The  roll-up  of  the  smoke  trace  can  be  observed  as 
the  effect  of  the  roll-up  of  the  tip  vortex.  At  the  first 
flash  there  is  almost  no  influence  of  the  blade  on  the 
smoke  trace,  whereat  at  the  last  flash  the  tip  vortex  is 
almost  fully  developed.  The  smoke  trace  could  not  be 
placed  exactly  in  the  core  of  the  developing  vortex. 
Nevertheless  it  is  possible  to  observe  the  radial  station 
of  the  largest  tangential  velocity  in  the  vortex.  The 
smooth  velocity  profile  gives  evidence  to  this  feet.  If 
the  smoke  trace  had  encountered  the  vortex  at  a  radial 
station  outside  of  the  maximum  tangential  velocity,  a 
sharp  edge  of  the  velocity  profile,  raising  towards  the 
maximum,  would  then  be  observed. 

Figure  5  shows  the  development  of  the  tip  vortex  in 
a  3-dimensional  view,  which  is  reconstructed  using  a 
stereometric  set  of  photographs.  For  thi«  sketch  the  re¬ 
lations  have  been  changed  to  a  blade-fixed  coordinate 
system  and  the  smoke  trace  moves  past  the  blade, 
shaped  by  the  influence  of  the  tip  vortex.  Figure  6 
shews  a  blow  up  of  the  same  tip  vortex  in  an  inverted 
(bltck  on  white)  and  contrast-enhanced  view.  All  the 
follow  ..ig  flow  field  images  will  be  presented  in  a  similar 
technique,  which  greatly  enhances  the  visibility  of  small 
smoke  ructurcs  or  faint  smoke  traces. 

The  following  figures  intend  to  show  the  capability  of 
the  new  method  to  investigate  turbulent  flow  patterns 
and  the  bursting  of  vortices. 

For  figure  7  two  titanium  particles  have  been  shot 
into  a  flow  region  in  the  wake  of  the  nelicopter  rotor  at 
the  same  time.  Figure  t  shows  the  reconstructed  3- 
dlmenslonal  view  of  these  smoke  traces.  The  orientation 
of  the  coordinate  system  is  not  important  for  the  under¬ 
standing  of  the  figure.  The  smoke  traces  have  been  pho¬ 
tographed  using  a  two-flash-sequen'-e.  Mean  flow  velocity 
can  be  determined  to  about  lOm/s.  It  is  evident  that  the 
two  particles  have  been  shot  into  two  regions  of  comple- 
taiy  different  flow  -  one  particle  into  a  laminar  flow 
field,  the  other  into  a  flow  field  with  large  local  shear 
flow  with  shear  layers  of  a  thickness  of  1  to  5  milli¬ 
meters  and  flow  disturbances  of  more  than  ?0*  of  the 
mean  flow  velocity.  The  existence  of  these  two  different 
flow  types  within  a  spatiol  range  of  about  20  millimeters 
could  be  of  great  interest  and  the  investigation  of  -he 
boundary  between  these  two  regions  could  be  performed 
using  the  new  method. 

Another  interesting  flow  pattern  is  shown  in  figure  9, 
whdfe  little  vortices  of  different  orientation  start  to  roll 
up  the  smoke  line  at  several  locations.  Figure  10,  again, 
shdws  the  3-dlmensional  reconstruction.  Using  such  pho¬ 
tographs,  the  orientatiuns  of  the  vorticiiy  vectois  of  a 
disturbed  flow  region  can  be  determined. 

Depending  on  the  load  of  the  rotor,  the  wake  con¬ 
traction,  and  other  characteristics,  the  tip  v'-tex  of  one 
rotor  blade  can  come  into  the  vicinity  of  i  e  following 
blade  and  can  have  a  strong  influence  on  this  blade.  This 
.phenomenon,  called  "Blade  Vortex  Interaction"  (BVl), 
causes  blade  stress,  rotor  noise,  and  poor  rotor  effi- 
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ctfriLV  due  to  the  induced  velocities  ol  the  .vortex.  The 
theoretical  investigation  of  this  problem  is  a  very  diffi¬ 
cult  task  due  to  the  unknown  structure  of  the  yortes 
during  EWl.  Depending  on  the  distance  between  blade  and 
vortex  at  HVl,  the  pressure  Iteld  of  the  approaching 
blade  can  cause  the  bursting  of  the  vortex  and  therefore 
produce  an  even  more  complex  and  unknown  structure. 
While  the  only  other  possible  method  for  an  experimental 
investigation  of  this  flow  type,;  the  laser  velocimetry,, 
can  only  provide  statistical  data,  which  normally  have  to 
be  gathered  over  many  rotor  revolutions,  the  new  meth¬ 
od  ran  visuali/e  the  complete  core  of  the  bursted  vortex 
at  one  instant,  showing  its  dimensions,  tangential  veloci- 
t'es,  and  the  dimensions  of  the  local  turbulent  struc¬ 
tures.  Figure  II  shows  such  a  blade  vertex  interaction 
with  a  bursted  vortex  in  a  two-flash-sequence  and  in  an 
oncoming  view  like  figure  4.  The  blade  is  turning  to¬ 
wards  the  observer  and  moving  slightly  downward  due  to 
the  8  degree  shift  of  the  camera  relative  to  the  rotor 
disk.  The  tip  vortex  of  the  preceding  blade  encounters 
the  blade  at  about  90'^  of  the  rotor  radius.  The  vortex 
has  moved  downward  only  a  distance  of  ol  the 

blade  chord  due  to  the  weak  downwash  of  the  rotor. 

At  the  first  flash  (upper  blade  image;  smoke  trace 
image  'A')  the  distance  between  blade  leading  edge  and 
smoke  trace  is  about  50%  of  the  blade  chord  and  the 
vortex  IS  already  bursted  due  to  the  pressure  field  of 
the  blade.  There  is  a  very  sharp  boundary  between  the 
bursted  vortex  core  and  the  laminar  flow  outside  that 
core.  Figure  12  shows  a  blow  up  of  the  lower  part  of 
figure  1  If,  together  with  the  side  view  of  the  same  flow 
field.  At  the  second  flash,  half  a  chord  after  the  en¬ 
counter  with  the  smoke  trace,  the  influence  of  the  blade 
has  completely  destroyed  the  smoke  trace  in  its  vicinity. 
Figure  12  and  the  lower  part  of  figure  II,  however,,  can 
still  be  used  to  determine  the  mean  tartgential  velocity 
of  the  lower  part  of  the  bursted  vortex  during  the  en-* 
counter  with  the  blade.  Especially  the  side  view  of  the 
vortex  (left  hand  side  of  figure  12)  shows  very  clearly 
the  turbulent  shear  flow  m  axial  direction  of  the  bursted 
vortex  (side  view:  blade  moving  from  left  to  right). 

A  similar  flow  condition  is  presented  in  figure  13 
Here  the  boundary  between  the  bursted  part  of  the  vor¬ 
tex  and  the  laminar  outer  flow  is  less  complex.  In  a 
tinal  flow  photograph  figure  14  shows  the  development 
of  a  very  complex  flow  region  with  many  disturbances 
over  a  relatively  long  time  interval  of  5.4ms.  Two  smoke 
traces  (A,B)  have  been  set  into  the  flow. 


Fig.  13  Bursted  vortex 


Fig.  14  Distorted  flow  region 


Fig.  12  Closer  view  at  the  bursted  vortex  (lower  part) 


DIGITAL  IMAGE  PROCESSING 

Using  digital  image  processing  the  computer  can  help  to 
produce  quantitative  data  of  the  velocity  field.  Corre¬ 
sponding  points  (the  earlier  mentioned  irregularities)  on 
the  smoke  trace  images  can  be  used  to  -“alculate  the 
mean  local  flow  velocities  between  each  two  subsequent 
flashes.  In  the  following  steps  of  the  procedure,  the 
computer  combines  two  stereometncally  taken  photo¬ 
graphs  to  produce  3-dimensional  images  of  the  smoke 
traces  like  the  examples  of  figures  5,  8  and  10  or 
streamline  plots.  Even  the  complete  velocity  vector  plot 
of  a  larger  flow  field  can  be  calculated,  using  a  larger 
set  of  stereometric  photographs  of  that  flow  field  and  a 
special  3-dimensional  interpolation  procedure  (figure  15: 
flow  around  blade  tip  including  tip  vortex  of  figure  4). 
More  details  regarding  these  topics  can  be  found  in 
Rc*5.  3  and  10.  For  a  discussion  of  the  possible  errors  in 
the  velocity  determination  using  time  lines  see  Ref.  11. 


4-1-5 


Fig.  15  Interpolated  flow  velocities  at  the  blade  tip 


FUTURE  WORK 

Using  the  experiences  obtained  by  the  helicopter  rotor 
flow  study,  new  experiments  will  be  initiated  at  the 
"Hochschuie  fur  Verkehrswesen  'Friedrich  List'"'  in  Dres¬ 
den,  concerning  the  investigation  of  the  development  of 
turbulent  spots  in  a  wall  boundary  layer.  These  turbulent 
spots  indicate  the  laminar-turbulent  transition  by  a  de¬ 
tachment  and  bursting  of  lengthwise  vortices  which  exist 
m  an  unstable  laminar  boundary  layer.  By  shooting  the 
smoke  traces  directly  out  of  the  wall  through  a  very 
small  hole,  it  will  be  possible  to  observe  the  organi-. 
zation  and  the  characteristics  of  the  flow  close  to  the 
wall.  The  new  method  will  be  used  together  with  other 
methods  like  the  "soot-oil-petroleum-layer-"method,  which 
will  be  helpful  to  find  the  most  interesting  regions  with¬ 
in  the  flow  (Refs.  12  and  13).  These  experiments  and 
several  other  hybrid  applications  will  be  very  important 
:tep5  in  the  development  of  the  new  method,  since  it  is 
a  consequential  principle  of  experimental  investigations, 
to  apply  at  least  two  different  independent  methods  to 
get  well-defined  and  interpretable  results  (Ref.  1«»).  The 
new  method  will  turn  out  to  be  one  of  very  few  meth¬ 
ods  which  can  be  applied  to  complex  small  scale  flow> 
and  can  give  qualitative  as  well  as  quantitative  results. 
Prototypes  of  the  apparatus  including  the  image  proces¬ 
sing  hard-*  and  software  are  available  upon  request  and 
can  be  adapted  to  different  applications. 
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ABSTRACT 

T»o-diBensionaI  pattern  recognition  processing 
«as  introduced  into  t«o-d i ner s lona  1  vorticity  data 
obtained  by  flo«  visualization  and  picture  process¬ 
ing 

Several  typical  patterns  of  tto-dinenstonal  vor¬ 
ticity  distribution  over  a  snail  unit  ar.;a  were 
correlated  with  the  vorticity  distribution  to  detect 
the  characteristic  structure  and  arrangenent  of  vor¬ 
tex  notions  Ensenble  averaged  patterns  of  each 
velocity  coiponent  and  vorticity  around  the 
delected  points  *crc  calculated 

INTRODUCTION 

Conditional  saapling  techniques  Uovasznay  et  al 
1970,  Wallace  et  al  1972.  Willnarth  et  al  1972. 
Blackaelder  et  al  1  976  &  Wallace  et  at.  197?)  have 
nade  renarkabie  contributions  in  elucidating  the 
coherent  structure  of  turbulence  since  they  tefe  in¬ 
troduced  in  the  1970s  But.  since  the  techniques 
had  been  applied  to  analyze  one-ditenalonal  tine- 
senes  data,  there  have  been  soae  restrictions  in 
the  obtained  results  First,  «e  can  gam  inforia- 
lion  about  the  structure  of  turbulence  only  around 
the  detected  point  and,  secondly.,  as  the  detected 
data  soaetiaes  contains  phase  shift  or  spanvise 
shift,  their  ensenble  average  nay  snear  out  an  in- 
portant  phase  of  a  turbulence  structure 

Recently.  Johansson  et  al  (1991)  iaproved  the 
technique  by  applying  it  t vo-d i nens iona 1 ly  for 
processing  the  database  generated  fron  direct 
nunerical  sinulation  of  turbulent  channel  flow,  thus 
reioving  the  second  restriction 

In  this  paper,  the  tio-dincnsional  pattern  recog¬ 
nition  nethod  vas  applied  to  tvo-diaensional  ex- 
perinental  data  obtained  through  flov  visualization 
a-d  picture  processing  and  coherent  structures  of 
tuibuience  in  open-channel  llov  were  elucidated 

The  authors  tould  like  to  eiphasize  that,  first, 
tne  fundancnlal  structure  of  turbulence  is  a  horse¬ 
shoe  vortex  and  thus  it  is  inportant  to  clarify  the 
$  'ucture  of  horseshoe  vortices.  Secondly,  there 
arc  sole  typical  arrangeients  of  horseshoe  vortices 
and.  in  order  to  clarify  the  «ho!e  mage  of  coherent 
structure,  every  kind  of  event  generated  by  each  ar¬ 
rangenent  and  hierarchical  structure  of  vortices 
should  be  exanined  Thirdly,  for  these  investiga- 
tiCns,  the  tio  diBensiMiidi  lecognition  tecn- 

niquc  applied  for  vorticity  distribution  is  par¬ 
ticularly  effective 


EXPERIMENT  AND  PICTURE  PROCESSING 

A  horizontal  cross-section  of  the  40  c«  wide  and 
3  95  cn  deep  open-channel  water  flow  was  iliuninated 
by  a  3  BB  thick  light  sheet  and  a  pair  of 
photographs  were  taken  over  the  short  line  span  of 
about  40  ns  (1  3  w  /u.)  The  friction  velocity  u« 
was  0  57  cn/s  The  photograph  density  was  digitized 
into  12  bit  data  with  a  spatial  resolution  of  2  2 
viscous  scales  (0  32iiin)'  using  a  PDS  iicro- 
densitoneter  The  digitized  data  vas  fed  into  the 
conputer  and  the  two-dinensional  distribution  of 
velocity  vectors  were  calculated  using  a  cross- 
correlation  technique  (Utani  et  al  1991),  The  nap 
of  the  x-conponent  of  velocity  u  m  the  cross- 
section  y*  •  21  IS  shown  in  Pig. 1  In  this  figure, 
bands  of  low-speed  and  high-speed  regions  stretching 
in  the  flow  direction  are  observed  to  appear  alter¬ 
nately  in  a  spanwise  direction 

Photographs  were  taken  of  the  cross-sections  of 
various  y*'  locations.  In  this  paper  the  pattern 
recognition  nethod  was  applied  to  the  vorticity  dis¬ 
tribution  calculated  fron  the  velocity  vector  data 
in  the  cross-section  y*  «  21 

TWO-DIMENSIONAL  PATTERN  RECOGNITION 
FOR  DETECTING  A  HORSESHOE  VORTEX 

Pig.  2  shows  the  nap  of  the  y-conponent  of  vor¬ 
ticity  (Or  in  the  cross-section  y*  «  21  It  is  con- 
lonly  concluded  that  the  fundancnlal  structure  of 
near-wall  turbulence  is  a  horseshoe  vortex  The 
horizontal  cross-section  of  u  horseshoe  vortex  is  a 
vortex  pair,  which  is  identified  as  a  pair  of  high- 
vorticity  regions  with  opposite  signs  as  in  Pig. 2 
Considering  that  the  vorticity  distribution  of 
horse-shoe  vortices  in  Pif  2  has  a  typical  scale  and 
patterns,  the  nap  of  vorticity  (Pig  9}  over  a  snail 
area  106  6xl06.Si//u.  was  used  to  detect  horseshoe 
vortices 

The  two-dinensional  cross-correlation  coeffi¬ 
cient  Cr(x,  z)  vas  defined  as 

Cr(X.z) 

/  J  {w  r(x+xi.  z+zi)  •  w  «(xi.  zi) }  dxidzi 

yjT/  iw7(x+xi.  z+zi)|  “dxidz:*  /  S  Iw  .(xi,  zi)  I’dxidz 

where  oi.  is  the  vorticity  of  the  detecting  nap  and 
(Or  tne  y-conponent  of  vorticity  in  Pig.2 

The  obtjined  nap  of  ,Cp  is  given  in  Pig. 4.  In 
this  figure,  the  detected  points  which  are  supposed 
to  be  the  center  of  a  vortex  pair  are  obtained  as  a 
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Pli  1  Map  of  the  x-coiponent  of  velocity  u  in  the  horizontal  cross-section  of 
the  flot  (y  »  21)  Contour  incrcteni  is  1  in  viscous  unit 


□  05 


V'^A  6Jy  *>0  05 


Pi|.2  Map  of  the  y-coiiponenl  of  vorticity  Wy  in  the  horizontal  cross- 
section  of  the  floi  (y’  »  21)  Contour  Increnent  is  0  05  in  viscous  unit- 


Pif.S  Map  of  vorticity  for 
detecting  vortex  pairs 


local  peak  point  of  Cr  -value  greater  than  the 
threshold  value  (in  this  case.  0  6),  and  are  shown  by 
snail  dots  It  is  clear,,  by  conparing  this  figure 
with  Pig  1,  that'  flow  velocity  is  lot  In  a  high  Cr- 
value  region  and  vice  versa 

Fig.4  shows  that  sone  horseshoe  vortices  are  ar¬ 
ranged  in  a  line  forning  longitudinal  vortices 
(UtaiPi  and  Ueno  1987  )  The  cross-section  of  a  lon¬ 
gitudinal  vortex  has  an  elliptic  shape  elongated  in 
the  flow  direction  and  its  longitudinal  axis  has  an 
angle  0  -  ±13*  in  the  streanwise  direction  It  is 
r.Gt.ccablc  that  longitudinal  vortices  are  generally 
arranged  in  a  staggered  array 

The  taps  of  enseable  averaged  velocity  and  vor- 
licity  around  the  detected  points  are  shown  tr. 


Pif  5.  in  which  the  shaded  region  shows  large  posi¬ 
tive  cnsenblc  average  values  and  the  dotted  region 
negative  values  The  pattern  of  a  vortex  pair  is 
clearly  observed  in  the  ensenble  average  of  velocity 
(PlC-S(a))  It'  IS  eaphasized  that  streaawise  and 
spanwise  centering  are  Improved  by  introducing  two- 
diaensional  pattern  recognition  as  coipared  with  the 
one-diiensional 

In  the  central  part  of  a  vortex  pair,  velocity  is 
lot  (Pig. 5(b))  As,  generally,  sone  horseshoe  vor¬ 
tices  are  arranged  in  a  line  in  groups,  the  detected 
sap  of  vorticity  (Pig. 5(d))  is  sore  elongated  in  the 
flot  direction  coipared  with  the  detecting  nap  of 
vorticity 

isolated  vortices  are  also  observed  in  Pi«.2  and 


[3]cr<-0  2 


(b)  x-componcnt  of  velocity  u 
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Pjf  7  Map  of  the  cross-correlation  coefficient'  obtained  through 
the  detecting  pattern  of  Pig  $  Contour  increient  is  0  2. 


Pig. 6  Detecting  pattern  for 
isolated  horseshoe  vortex 


Pig  4  In  order  to  detect  these  vortices,  the 
detecting  nap  of  vorticity  shown  in  Pig  (  is 
adop'ed  The  resultant'  correlation  coefficient  Cr  is 
shown  in  Pig. 7  The  area  having  a  high  C^-value 
region  is  significantly  snaller  than  that  in  Pig  4. 
which  Cleans  that  few  horseshoe  vortices  are  isolated 
and,  generally,  2-6  horseshoe  vortices  are 
gathered  into  a  group  cenpostng  a  longitudinal  vor¬ 
tex  (Utam  et  ai  1  987) 

The  ensenblc  averages  of  velocity  and  vorticity 
around  the  detected  points  are  shown  in  Pig. 8  In 
this  case  the  threshold  Cr  -vale  t..s  0  6  The 
strcuSHiSC  scale  vif  ddevlcu  wikicil/  IS  about  iCO 
v  /u.  as  shown  in  Fig  8<d> 


EFfECT  OF  THE  SCALE  OF  DETECTING  PATTERN 

In  order  to  exawine  the  effect  of  the  scale  of  a 
detecting  itap,  5  different  scales  of  a  detecting  wap 
were  tried,  in  which  the  longitudinal  scale  L  of  the 
central  vortex  pair  of  Pig. S  was  expanded  or  con¬ 
tracted  up  to  L*  =  Lu./i/  =  55  1.,  108  6,  1  52.0.  21  7  1 
and  325  7  Soiie  of  the  results  arc  shown  in  Pig  «. 
The  ensenble  averages  of  u  and  u)  7  around  the 
detected  point  for  the  case  L’  =  217.1  and  325  7  arc 
shown  in  Pig. 10  and  Fig  11.  respectively.  It  is 
clear  that  the  larger  scale  detecting  aar  results  in 
a  larger  scale  detected  pattern  But,,  as  a  horse¬ 
shoe  vortex  having  a  scale  exceeding  200  v/u.  doesn't 
exist  in  Pl|.2  and  Fii.4,  the  detected  patterns 


represents  54  detected  poin.s  It  is  noticed  when 
comparing  Fig  It  «ith  Fig  4  that  most  of  the 
detected  points  are  located  at  the  upstream  end  of 
longitudinal  vortices 

The  maps  of  ensemble  averaged  velocity  and  vor- 
ticity  around  the  detected  point  are  shotn  in 
Pig  I7(i)-(d}  The  nap  of  u  (Pig  17(b))  and  that  of 
«  (Pig  17(c)),  shorn  quite  similar  patterns  to  those 
obtained  by  Johansson  ct  al  (1S9I)'  «ho  used  a 
modified  VISA  technique  it-  should  be  noted  that- 
the  VISA  and  VITA  techniques  do  not  detect  events 
other  than  the  one  given  in  Pig  17(a)  or  Pig. 17(d) 

CON'CILSIONS 

The  t lo-dimens lona 1  pattern  recognition  tech¬ 
nique  «as  introduced  for  processing  the  turbulence 
velocity  data  obtained  through  fioi  visualization 
and  picture  processing  This  processing  tas  shorn 
to  be  more  effective  in  obtaining  moie  enact  under¬ 
standing  of  the  vortex  motions  in  turbulence  as  com¬ 
pared  to  one -d 1  men s 1  on  a  I  pattern  recognition 
processing 

It  «as  shown  that  horseshoe  vortices  have  some 
typical  patterns  of  arrangement.  Some  horseshoe 
vortices  are  gathered  into  a  group  creating  a  Ion- 
gitudiml  vortex  and  the  longitudinal  vorticr.  are 
generally  arranged  in  a  staggered  array.  Some 
characteristic  propert.es  of  velocity  distribution 
and  vorliciiy  distribution  in  t.ie  longitudinal  vor- 
t ices  were  shotn. 
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ABSTRACT 

The  Voracity  Optical  Probe  or  VOP,  a  technique  for 
direct  non-intrusive  measurement  cf  vorticity,  is  now  able  to 
determine  all  three  components  of  the  voracity  vector  at 
well-defined  locaUons  in  a  water  flow  field  with  temporal 
and  spatial  resolutions  belter  than  the  Kolmogorov  micro¬ 
scales.  Thev  developments  result  from:  a)  the  invenuon  of 
VOP  probe  particles  that  nearly  match  the  refractive  index 
and  density  of  water,  and  b)  data  reduction  algorithms  that 
fully  uulize  the  informabon  provded  by  reflections  of  laser 
light  from  the  particles.  The  technique  nas  been  tested  and 
demonstrated  in  laminar  and  turbulent  Couelte  flows. 

INTRODUCTION 

A  non-invasive  instrument  capable  of  measuring  and 
mapping  the  voracity  vector  fields  surrounding  moving 
underwater  vehicles  or  along  lest  surfaces  in  water  tunnels 
has  long  been  sought  by  researchers  performing  fundamental 
fluid  dynamics  studies  or  applied  studies  in  underwater 
technology  and  aerodynamics.  The  applications  are  mynad, 
ranging  fram  basic  understanding  of  boundary  layer  turbu¬ 
lence  (potenbally  leading  to  understanding  and  control  of 
turbulence  production  and  its  concomitant  drag),  to  locating 
and  controlling  sources  of  flow-induced  noise,  and  to 
studying  the  effects  on  maneuverability  caused  by  inter¬ 
actions  of  large-scale  vortices  with  vehicle  control  surfaces. 

In  response  to  this  need,  the  capabilities  of  an  optical 
technique  known  as  the  Vorticity  Optical  Probe  or  VOP  have 
been  extended  so  that  is  now  capable  of  directly  measunng 
all  three  components  of  vorticity  vectors  in  water  flows. 

The  Vorticity  Optical  Probe,  invented  and  developed 
by  these  authors,  operates  by  seeding  into  a  liquid  flow 
transparent  spherical  particles  that  are  tens  of  microns  in 
diameter  with  each  containing  one  or  more  embedded  lead 
carbonate  crystals  that  act  as  planar  reflectors  or  'mirrors* 
(Fnsh  and  Webb,  1981).  Viscous  drag  on  the  surfaces  of 
the  spheres  causes  them  to  rotate  with  an  angular  velocity 
vector  equal  to  half  the  local  vorticity  vector  (Jeffrey,  1922). 
ihe  spheres  are  made  invisible  by  matching  their  refractive 
index  to  that  of  the  flowing  medium.  A  beam  of  laser  light 
incident  upon  such  a  rotating  invisible  sphere  is  reflected  by 
the  embedded  mirror.  As  described  below,  the  reflected 
beam  is  intercepted  outside  of  the  flow  as  it  traces  a  path  or 
"trajectory"  along  the  surface  of  a  detector.  That  trajectory 
IS  uniquely  related  to  the  sphere's  angular  velocity.  Methods 
for  measurement  and  analysis  of  the  trajectory  developed 
initially  by  Fnsh  (1981)  to  deduce  one  voracity  component, 
and  expanded  upon  by  Ferguson  and  Webb  (1983)  to  deduce 
two  components,  have  now  been  refined  to  enable 
calculation  of  the  complete  vorticity  vector. 


Other  techniques  that  have  been  or  are  being  used  to 
determine  voracity  actually  measure  components  of  velocity 
vectors  at  multiple  closely-spaced  points,  and  deduce 
voracity  by  calculating  the  finite-difference  curl  of  the 
velocity  These  techniques,  typically  employing  hot-wire 
anemometers  (Wallace,  1986),  laser  velocimcters  (Lang  and 
Dimotakis,  1982),  or  particle  imaging  velocimetry  (Adnan, 
1991)  arc  cumbersome,  difficult  to  analyze,  and  generally 
incapable  of  small-scale  ( <  I  to  2  mm)  voracity  resolution 
This  resolution  is  inadequate  for  many  applications, 
specifically  within  liquid  boundary  layers  or  in  turbo- 
machinery.  In  contrast,  the  maximum  VOP  particle  size 
(-50  Jim)  was  selected  to  be  less  than  the  Kolmogorov 
microscale  in  a  high-speed  water  tunnels,  thereby  enabling 
accurate  measurement  of  the  smallest-scale  and  highest 
frequency  fluctuating  v'lrticity  vectors  in  turbulent  boundary 
layers  (Frish,  1981).  The  particles  respond  to  vorticity 
fluctuations  in  the  frequency  range  from  zero  to  15  kHz 

VO?  TECHNIQUE 

The  VOP  deduces  the  voracity  vector  by  tracking  a 
small  segment  of  a  reflection  trajectory  as  it  transits  across  a 
two-dimensional  surface.  It  is  often  asked;  "How  can  one 
be  assured  that  each  trajectory  corresponds  to  a  unique 
vorticity  vector?"  and  "How  are  all  three  vector  components 
deduced  from  a  track  across  a  two-dimensional  surface?" 
Answers  to  those  questions  are  provided  here. 

Figure  1  illustrates  the  VOP  geometry.  A  laser  beam 
defines  Ihe  z-axis  of  a  coordinate  system.  The  beam  illumi¬ 
nates  a  non-translating  probe  particle  spinning  with  an 
angular  velocity  w/2  where  u  is  Ihe  voracity  vector.  The 
laser  beam  and  the  unit  vector  normal  to  the  particle's 
mirror,  called  the  mirror  normal  A,  define  the  A-i  plane. 
The  reflection  of  the  laser  beam  from  the  mirror,  defined  as 
the  unit  vector  f ,  lies  in  the  A-2  plane,  and  the  angle  of 
laser  reflection  relative  to  the  mirror  normal  is  equal  to  the 
angle  of  incidence.  If  A  is  described  by  Ihe  usual  spherical 
coordinates  where  9  is  the  elevation  relative  to  the  z-axis  and 
0  is  the  azimuth  in  the  x-y  plane,  then 
f  -  (8'.,  *’)  =  (28.  *)  . 

As  the  particle  spins,  the  mirror  normal  processes 
around  the  vorticity  vector  according  to  the  equation 

dA(dt  =  p  X  A)/2  <*) 

As  a  result,  the  trajectory  of  the  mirror  normal  where  it 
intercepts  the  surface  of  a  unit  sphere  drawn  around  the 
probe  particle  describes  a  circle,  illustrated  in  Fig.  2.  The 
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Fig  1  Definition  Sketch  of  VOP  Geometry 


Fig.  2.  Trajectory  of  the  Mirror  Normal  Across  the 
Surface  of  the  Unit  Sphere 

axis  of  the  circle  is  colinear  with  u;  its  azimuth  and 
elevation  specify  the  direction  of  the  vorticity  vector.  The 
vorticity  magnitude  is  simply  equal  to  twice  the  rate  at  which 
the  circle  is  repeated,  and  can  be  determined  from  the  time 
required  for  the  trajectory  to  sweep  an  arc  of  known  angular 
size.  The  radius  of  the  circle  is  determined  solely  by  the 
elevation,  a,  of  the  mirror  normal  relativi  to  the  vortiaty 
vector  and  contains  no  information  about  the  vorticity. 
Another  probe  particle,  having  the  same  vorticity  but  a 
different  minor  onentation,  would  describe  a  co-axial  circle. 
Because  each  vorticity  vector  diiecbon  defines  a  unique 
(albeit  infinitely  large)  set  of  circles,  it  follows  that  each 
circle,  and  each  segment  thereof,  corresponds  to  a  unique 
vorticity  vector  direction. 

As  discussed  above,  for  each  fi  there  is  a  unique  f , 
Thus,  for  each  circular  trajectory  desenbed  by  a  mirror 
normal,  there  is  a  corresponding  trajectory  described  by  the 
reflection.  Since  the  minor  normal  trajectory  is  uniquely 
defined  by  the  u  and  a,  these  two  parameters  also  define  a 
unique  reflection  trajectory.  The  converse  is  also  true  -  each 
rcna.liuii  Uajcctory  corresponds  to  a  unique  combination  of 
u  and  a. 


To  deduce  the  vorticity,  a  segment  of  a  reflection 
trajectory  is  tracked  as  it  transits  a  sm.~il  (-0.5  sr)  portion 
of  the  unit  circle  projected  onto  a  flat  detector  surface.  A 
computer  program  in  essence  maps  the  reflection  trajectory 
segment  into  a  minor  normal  trajectory  segment  on  the  unit 
sphere,  and  calculates  both  the  tilt  of  the  axis  around  which 
that  segment  rotates  and  the  rotation  rate,  thereby  yielding 
die  vorticity.  The  algorithm  requires  only  knowledge  of  the 
onentabon  of  the  center  of  the  detector  relative  to  the  laser 
beam,  and  provides  an  output  in  the  form  of  vorticity  com¬ 
ponents  relative  to  a  predefined  set  of  axes.  The  program 
also  provides  a  calcuiabon  of  the  vorticity  uncertainty 
resulting  from  imprecise  measurement  of  the  reflection 
trajectory. 

VOP  PARTICLES  AND  THEIR  MANUFACTURE 

As  already  mentioned,  the  sphencal  VOP  probe  pani¬ 
cles,  except  for  the  embedded  mirrors,  must  be  transparent 
and  made  of  a  matenal  that  closely  matches  the  refractive 
index  of  the  flowing  medium.  The  latter  requirement 
eliminates  reflections  at  the  surfaces  of  the  spheres  and 
prevents  the  spheres  from  focusing  or  defocusing  the  laser 
beam  and  refleebons  of  it.  In  other  words,  the  spheres  are 
made  invisible  so  that,  opbcally,  each  VOP  parbcle  appears 
as  no  more  than  a  spinning  mirror.  Furthermore,  for  water 
tunnel  studies  of  boundary  layers  or  turbulence,  the  parbcles 
should  be  smaller  than  the  boundary  layer  or  Kolmogorov 
microscales,  and  they  should  be  nearly  neutrally  bouyant 

Until  recently,  the  VOP  particles  were  made 
exclusively  from  polymethylmethacrylate  (PMMA,  known 
commercially  as  Plexiglas).  A  photograph  of  a  collecbon  of 
these  particles  was  published  by  Ftish  and  Webb  (1981). 

The  puticles  are  manufiuinited  using  a  suspension  poly¬ 
merization  procedure:  An  aliquot  of  the  hexagonally-shaped 
lead  carbonate  crystals,  which  are  typically  16  jim  wide  and 
0.07  Jim  thick,  is  mixed  into  liquid  methylmethacrylate 
monomer  at  a  concentration  suibible  to  provide,  on  average, 
one  crystal  per  2S  jim  diameter  sphere.  The  mixture  is 
added  to  an  aqueous  suspension  fluid  in  which  the  monomer 
is  insoluble,  and  then  passed  through  a  high  shear  created  by 
a  food  blender.  The  shear  breaks  the  monomer  into  droplets 
having  the  desired  size  disbibution,  and  surface  tension 
holds  the  mirrors  within  the  spheres.  Surfactants  in  the 
aqueous  solution  prevent  recoalescence  of  the  spheres  The 
entire  mixture  is  healed  for  several  hours,  ther^y 
polymerizing  the  monomer  and  hardening  the  particles. 
Particles  made  by  this  procedure  have  now  been  m 
continuous  use  for  over  a  decade  without  degrading. 

Unfortunately,  these  original  VOP  particles  can  be 
used  only  in  liquids  having  a  refractive  index  near  1 .49  that 
do  not  dissolve  the  plastic.  Only  three  suiuble  liquids  have 
been  found;  the  organic  materids  dibutyl  phthalate  and 
p-cymene,  and  a  concenbated  (as  well  as  highly-coriosive) 
solution  of  zinc  iodide  in  water.  Because  of  the  need  to  use 
these  special  liquids,  VOP  measurements  to  date  have  been 
made  only  in  specially  built  small-scale  flow  apparati. 

Recently,  acquisition  of  vorticity  data  in  water  flows, 
and  thus  the  application  of  the  VOP  to  a  wide  variety  of 
existing  flow  facilities,  ha.s  been  made  possible  by  to  the 
development  of  probe  particles  that  nearly  match  the  refrac¬ 
tive  in&x  of  water.  These  water-compatible  particles  are 
made  from  an  acrylamide  gel.  They  are  manufactured  by  a 
suspension  polymerization  process  that  is,  in  essence,  the 
inverse  of  the  process  used  to  make  the  PMMA  particles. 
Prior  to  polymerization,  the  gel  matenal  is  a  liquid 
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compriied  mostly  of  water.  Lead  caitonate  mirrors, 
initi^iy  suspend^  in  an  alcohol-based  slurry,  are  added  to 
this  liquid  with  the  anoropriale  concent'ation.  A  poly¬ 
merization  initiator  is  added  to  the  mixture,  which  is  then 
injected  into  a  synthetic  oil.  The  water-based  get  mixture  is 
insoluble  in  the  oil  and,  upon  intense  stirring,  breaks  up  into 
the  desired  droplets  that  retain  the  crystalline  mirrors.  Hie 
gel  cures  without  heating  in  about  one  hour.  The  cured  gel 
material  is  a  rubbery  solid  comprising  approximately 
9S  percent  water  in  a  cross-linked  polymer  network,  making 
the  gel's  refractive  index  and  density  closely  matched  to 
those  of  water.  The  particles  are  separated  from  the  oil  by 
washing  with  tap  water  and  saved  for  subsequent  use.  A 
machine  for  continuously  manufacturing  large  quantities  of 
these  particles  is  expect^  to  be  operational  in  the  near 
future. 

EXAMPLE  VOP  OPTICAL  SYSTEM 

There  are  a  mulbtude  of  methods  that  can  be  con¬ 
ceived  for  detecting,  tracking,  and  interpreting  tfie  rejection 
trajectories  created  by  reflecting  a  laser  beam  from  the 
spinning  VOP  particles.  To  date,  electro-optical  configura¬ 
tions  like  that  illustrated  schematically  in  Fig.  3  have  been 
used  to  develop  and  demonstrate  the  technique.  The  electro- 
optical  system  serves  three  purposes:  It  isolates  the  measur¬ 
ement  region  or  'sampled  volume'  in  a  flowEetd  seeded 
with  probe  particles,  projects  reflection  trajectories  onto  a 
detector  while  removing  the  effects  of  particle  velocity,  and 
converts  the  trajectories  into  measurable  electrical  signals. 
Each  of  these  funcuons  is  described  in  the  following 
paragraphs. 


Fig.  3.  Example  VOP  Opbcal  System 
a)  Sampled  Volume  Deflnition 

As  shown  in  Fig.  3,  the  volume  of  flow  sampled  by 
the  VOP  at  any  instant  of  bme  is  isolated  by  the  intersection 
of  a  laser  beam  with  the  image  of  a  slit  projected  ortho¬ 
gonally  onto  the  beam.  The  laser  beam  is  projected  thrmigh 
a  window  into  the  flow  region  of  interest  and  illuminates  a 
line  of  the  parbcle-laden  flowfield.  Reflections  from  mirrors 
embedded  within  the  VOP  spheres  are  transmitted  out  of  the 
flow  through  the  window  (or  a  different  window),  and  are 


subtended  by  a  lens  or  lens  system.  (Obviously,  only  those 
mirrors  that  are  onented  so  as  to  reflect  the  laser  beam  into 
the  lens  are  observed.)  The  lens  images  the  line  illuminated 
by  the  laser  onto  the  slit,  thereby  defining  the  sampled 
volume 

The  image  of  the  sampled  volume  on  the  slit  serves 
as  a  new  origin  for  the  reflections,  and  can  be  thought  of  as 
the  center  of  the  unit  sphere,  discussed  pieviously,  on  which 
the  reflection  trajectories  are  tracked.  The  sampled  volume 
can  be  as  small  as  100  pm  in  diameter.  Only  those  reflec- 
uons  that  emanate  from  within  this  region  pass  through  the 
slit  to  impinge  upon  the  detector.  The  flow  is  typically 
seeded  with  a  concentration  of  about  1000  VOP  particles 
per  cm’,  small  enough  to  make  it  unlikely,  but  not  impos¬ 
sible,  for  more  than  one  reflecuon  to  be  ^served  at  any 
instant  cf  time. 

b)  Velocity  Compensation  Lens 

Though  the  sampled  volume  can  be  made  quite  small, 
there  are  circumstances  in  which  it  is  preferable  to  observe  a 
significant  length  of  Uie  flowfield.  Under  these  conditions, 
the  center  of  the  reflection  trajectory  moves  with  the  image 
of  the  flowing  VOP  particle.  As  a  result,  the  projeebon  of 
the  reflection  Uajectopes  onto  the  detector  surface  can 
conuin  contributions  uom  the  velocity.  To  counter  this 
effect,  a  means  of  removing  the  translational  contnbuuon  to 
the  measured  refleebon  trajectory  was  incorporated  into  the 
VOP  opbes. 

The  technique  used  for  this  purpose  is  known  as  luto- 
collimation.  It  works  on  ihe  principle  that  a  ray  of  light 
incident  upon  a  lens  is  refracted  to  cross  the  focal  plane  of 
the  lens  at  a  point  that  depends  only  on  the  angle  of  inci¬ 
dence  at  the  lens  surface  and  not  on  the  posibon  at  which  the 
ray  intercepts  the  lens.  In  other  words,  a  group  of  parallel 
rays  incident  on  the  lens  are  all  focused  to  a  single  point. 

The  VOP  trajectory  detector  is  placed  in  the  focal  plane  of 
Uie  autocollimabon  lens,  so  that  bie  trajectones  sensed 
represent  only  the  rolabon  of  the  VOP  parbcle. 

c)  Trajectory  Detector 

The  electro-opbc  detector  used  in  the  current  VOP 
apparatus ’s  a  two-dimensional  posibon  sensing  photodiode 
This  deviie  is  a  2  x  2  cm  photodiode  overlaying  a  planar 
silicon  substrate  having  uniform  electrical  resisbvity. 
Photoelectrons  are  dnven  through  the  substrate  and 
discharged  Uiiough  four  elecuodes,  each  centered  along  one 
of  the  substrate's  four  edges.  The  instantaneous  photo 
curreiit  is  thus  divided  among  the  four  elecuodes  according 
tti  the  posibon  of  the  centroid  of  light  that  illuminates  the 
surflue  of  the  photodiode. 

The  four  ouqnit  currents  are  subjected  to  analog 
processing  to  yield  three  Ume-varying  signals.  One  signal  is 
proportional  to  the  illuminabon  power  incident  on  the 
surface  of  the  photodiode,  and  the  oUier  two  are  propcruonal 
to  die  two  posibon  coordinates  of  the  cenboid  of  that 
illuminabon,  all  as  funebons  of  bme.  Thus  the  segment  of 
the  refleebon  trajectory  that  transits  the  detector  surface  is 
converted  to  a  set  of  analog  current  signals.  The  currents 
are  ikmverted  to  voltages  by  transrmpedence  ampltflers, 
digitized  at  a  fixed  rate  by  a  high  sp^  (1  MHz  put  channel) 
a/d  converter,  and  provided  to  a  personal  computer..  The 
computer  recreates  Uie  refleebon  bryectory  and  provides  it, 
in  Uie  form  of  a  sequence  of  discrete  coordinate  pairs,  to  Uie 
data  reduebon  algonUim  which  calculates  the  vorbcity  and 
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performs  statistical  analyses.  Statistical  information  about 
vorticity  fluctuations  is  gathered  by  anaiyaing  hundreds  or 
thousands  of  trajectories  collected  from  a  fixed  sample 
volume. 

DATA  REDUCTION  ALGORITHM 

The  primary  funcuon  of  the  data  reduction  program 
is  to  numerically  perform  the.mapping  that  converts  a 
digiuzed  reflection  trajectory  segment  into  r  -  cgment  of 
minor  normal  trajectory  across  the  surface  of  the  unit 
sphere,  and  then  find  the  onentation  and  angular  velocity  of 
the  circle  that  best  fits  the  latter  trajectory  segment.  The 
most  efficient  algonthm  developed  to  date  to  perform  this 
funcuon  calculates  least  squares  fits  to  the  equations  that 
directly  relate  the  rates  of  change  of  the  reflection  vector 
coordinates  to  the  vorticity  components 

357dt  =  awv  +  buiy  ♦  cu^ 

'  (2) 

dtfVdt  =  dux  *  cviy  +  fu^ 

where  the  coefficients  a-f  are  geometncally-defined  funcuons 
of  O'  and  t'-  For  each  digitized  point  in  the  trajectory, 
there  are  unique  values  of  O'  and  '!>'  and  thus  of  all  the  a-f 
coefficients.  For  each  pair  of  points,  values  for  OO'/dt  and 
H'lOt  are  calculated.  Thus,  for  each  N  points  digitized  n  a 
trajectory,  there  are  2N-2  equations  that  may  be  solved 
simultaneously  to  deduce  the  three  components  of  vorticity. 

In  principle,  only  three  equauons  are  needed  to  find 
the  soluuon.  However,  noise  in  the  detector,  non- 
uniformiUes  in  the  incident  laser  beam,  angular  dependencies 
of  ti .  lead  carbonate  crystal  reflecUon  properUes,  digitizer 
resolt'.iOn,  and  a  number  of  other  effects  introduce  a  degree 
of  uncertainty  into  the  measured  posiuon  of  each  point  along 
a  trajectory.  As  a  result,  each  set  of  three  equations  yields  a 
solution  somewhat  different  from  that  of  any  other  set  The 
most  probable  soluuon  is  found  by  a  star.dani  linear  least 
squares  fit  to  all  available  data.  This  p  ocedure  yields  the 
vorticity  components,  the  goodness  of  fit,  and  an  estimate  of 
the  uncertainty  in  the  fit. 

This  technique  also  enables  rejecUon  of  severely  com¬ 
promised  measurements  Because  the  minor  normal  tiajec- 
tones  must  descnbe  circular  arcs  on  the  unit  sphere 
surrounding  the  probe  paiUcle  (or,  equivalently,  the  reflec¬ 
tion  trajectones  must  fit  Eq.  (2)),  measured  trajectories 
which  deviate  significantly  from  a  circle  are  assumed  to  be 
conuuninated  by  some  artifact.  These  artifacts  include 
mulUple  irflecUorts  stnlung  the  detector  simuluineously,  non- 
sphencal  (i.e.,  broken)  probe  parbcles,  extraneous  scat- 
terers,  changes  in  voiucity  occurring  faster  than  the  time 
required  to  make  a  measurement,  etc.  Traji  ;tories  that  do 
not  fit  the  equaUons  within  limits  determined  by  the  signal- 
to-noise  rauo  are  automaUcaliy  discarded. 

VOP  LIMrrATIONS 

The  accuracy  of  the  voracity  measurement  is  limited 
by  the  accuracy  with  which  the  measured  mirror  normal 
uajectory  segment  can  be  fitted  to  a  circle  on  the  unit 
sphere.  If  each  point  on  a  tiajeciory  was  measured  with 
perfect  precision,  then,  as  descnbed  above,  complete 
de'crmination  of  the  voracity  vector  could  be  made  with 
only  three  arbitianly-spaced  points  per  trajectory.  Because 
such  precision  cannot  be  achieved,  and  because  accuracy 
improves  with  the  angular  size  of  the  trajectory  segment,  it 


IS  desirable  for  each  trajectory  segment  'o  be  as  long  as 
possible.  However,  a  number  of  factors  limit  the  length  of 
the  detected  trajectory,  and  thus  place  the  ultimate  limi,a- 
tions  on  the  accuracy  of  the  measurement.  The  dominant 
limiting  factors  are  the  size  of  the  optical  system  and  the 
ratio  of  the  particle's  vorticity  to  its  velocity  Here,  these 
effects  are  descnbed  qualitatively  Ferguson  and  Fnsh 
(1991)  provides  a  complete  quantitative  discussion 

a)  Optical  Limitations 

The  size  of  the  optics  places  an  upper  limit  on  the 
angular  size  of  the  reflection  trajectory  arc  that  can  be 
intercepted  when  the  reflection  sweeps  vertically  or  hon- 
zor.tally  across  the  detector.  An  FI .4  objective  lens  is  used 
in  the  current  optical  configuration,  intercepting  slightly 
more  than  30  degrees  of  arc.  This  is  adequate  for  determin¬ 
ing,  with  less  than  10  percent  uncertainty,  the  x  and  z 
components  of  vorticity  which  primarily  determine  the  speed 
and  angle  at  which  the  trajectory  crosses  a  detector  centered 
on  the  y-axis.  In  contrast,  small  contributions  by  the  y 
component  in  the  presence  of  relatively  strong  x  or  z 
components  can  only  be  resolved  with  ±50  percent  uncer¬ 
tainty  because  they  introduce  only  small  and  difficult  to 
measure  changes  in  the  curvature  of  the  reflection  trajectory 
As  Mir  y-component  becomes  stronger  relative  to  the  other 
two,  the  accuracy  of  measunng  it  improves.  Since  the  data 
reduction  algonthm  calculates  the  measurement  uncertainty, 
it  readily  identifies  poorly  measured  y-components  In  these 
cases,  It  IS  usually  assumed  that  the  y-component  is  zero  and 
only  the  x  and  z  components  are  calculated 

b)  Vorticity/Velocily  Limitation 

Measurement  difficulties  are  encountered  when  the 
ratio  of  vorticity  to  velocity  is  small  because  a  probe  (article 
must  rotate  through  a  sufficiently  large  arc  while  within  the 
sampled  volume  to  provide  an  accurate  fit  to  the  trajectory 
equations.  When  the  velocity  is  high  and  the  vorticity  small, 
the  parade  may  be  transported  through  the  ampled  volume 
in  a  time  that  is  less  than  that  needed  to  collect  an  acceptable 
length  of  trajectory.  Thus,  only  a  short  trajectory  segment 
may  be  detected,  which,  as  descnbed  above,  reduces  the 
accuracy  of  the  measurement 

DEMONSTRATION  IN  COUETTE  FLOW 

The  three-component  VOP  system  was  tested  and 
demonstrated  in  an  ideal  vorticity  measurement  laboratory, 
the  Couette  flow  between  a  pair  of  ,otating  concentnc 
cylinders.  This  system  is  ideal  because  when  the  relative 
rotation  rates  of  the  cylinders  is  selected  to  produce  a  stable 
flow  between  them,  the  vorticity  in  the  flow  is  spatially  and 
temporally  uniform.  It  is  straightforward  to  calculate  the 
thecrebcal  value  of  the  voracity  and  compare  it  with 
measurements. 

The  Couette  flow  apparatus  shown  schematically  in 
Fig.  4  was  built  for  this  demonstration  It  has  three 
concentnc  cylinders,  of  which  only  the  center  one  spins. 

The  flow  between  the  outer  cylinder  and  the  spinning  central 
cylinder  is  stable  below  a  cntical  Reynolds  number  (based 
on  cylinder  surface  velocity  and  inter-cylinder  gap  width)  of 
R5  =  127  .  This  flow  was  used  to  calibrate  the  three- 
component  VOP,  using  water  as  the  working  fluid.  (Note 
that,  above  R,.,  this  flow  follows  the  bifurcabon  route  to 
turbulence,  elucidated  by  Fenstermacher,  Swinney  and 
Gollub  [1975].  See  Ferguson  [1991]  or  Ferguson  and  frisn 
[1991a]  for  a  descripuon  of  some  measurements  of  voracity 


4-3-4 


Fig  4  Couette  Flow  Apparatus  Inner  fluid  bounded 

by  cylinders  with  radii  of  3  944  and  4.477  cm. 
Outer  fluid  radii  are  5  127  and  5  738  cm 


in  this  regime  )  The  flow  between  the  central  and  inner  cyl¬ 
inders  IS  stable  below  a  Reynolds  number  of  about  100,000 
As  the  Reynolds  number  is  increased,  this  flow  exhibits  a 
catastrophic  transition  to  turbulence  that  has  been  used  to 
demonstrate  the  three-component  VOP’s  capability  to  track 
turbulent  fluctuaUons,  with  p-cymene  as  the  working  fluid. 

The  results  of  the  calibration  in  the  water  flow 
between  the  central  and  outer  cylinders  are  plotted  in  Fig.  5, 
which  shows  probability  distnbutions  of  each  of  the  three 
vorticity  components  acquired  approximately  SOO  pm  from 
the  wall  of  the  stationary  outer  cylinder,  with  the  central 
cylinder  spinning  at  0.(K8  Hz  The  theoretical  vorticity 
values  are  u,  =  -I  35  s"',  uiy  =  Uj  =  0  where  the  x-axis  is 
parallel  to  the  axes  of  the  cylinders.  The  z  component  of  the 
distribution  yields  the  correct  mean  value  of  zero,  with  a  full 
width  at  half  maximum  (FWHM)  of  5  percent  of  the  mean 
vorticity  magnitude  The  x  component  has  a  most  probable 
value  of  1.25  s'*  that  corresponds  well  with  the  theoretical 
value,  and  a  FWHM  of  0  13  s'*,  10  percent  of  the  mean 
voracity  magnitude.  The  x-component  exhibits  some 
measurements  centered  at  a  value  of  about  half  the  most 
probable  value.  This  artifact,  which  was  also  seen  by  Fnsh 
(1981),  has  been  attributed  by  Ferguson  and  Frish  (1991)  to 
pairs  of  probe  particles  that  stick  together  in  low  shear 
flows.  It  disappears  in  high  shear  and  turbulent  flows.  The 
y-component,  which  as  described  above  is  difficult  to 
measure  using  the  current  optical  geometry,  has  the  correct 
mean  value  of  zero  but  a  standard  deviation  of  approximately 
0.7  s'* 

The  flow  between  the  central  and  inner  cylinders  has 
been  used  to  observe  the  catastrophic  transibon  to  turbu¬ 
lence  The  working  fluid  for  these  expenments  was 
p-cymene,  which  matches  the  refractive  index  of  both  the 
cylinders  and  the  PMMA  probe  particles.  Figure  6  shows 
probability  distnbuUons  of  the  x  and  z  vorticity  components, 
scaled  in  proportion  to  the  cylinder  rotation  rate,  at  two 
Reynolds  numbers  prior  to  transition,  and  one  after  transi¬ 
tion.  The  increased  width  of  the  curves  after  transition,  due 
to  the  temporal  vorticity  fluctuabons  inherent  to  the  turbu¬ 
lence,  IS  quite  clear.  Comparisons  of  the  data  acquired  in 
these  studies  with  numeric^  simulaUons  of  the  flow  are 


(0^(s-') 


Fig  5.  Vorticity  Component  Probability  Distnbutions 
Denved  from  128  Measurements  in  Outer 
Section  of  Couette  Flow.  (1  =  0.028  Hz. 
Fluid  IS  water 

made  in  Ferguson  and  Frish  (1991,.  1991a)  and  Ferguson 
(1991). 

SUMMARY  AND  FUTURE  PLANS 

The  Vomcity  Optical  Probe  is  now  able  to  measure 
complete  vorticity  vector  statistics  at  well-defined  positions 
in  turbulent  water  flows.  It  is  an  ideal  instrument  for 
studying  boundary  layers  where  vorticity  is  high,  velocity  is 
low,  and  access  by  other  instruments  is  difficult.  Prepara¬ 
tions  for  the  first  such  measurements  in  a  high-speed  water 
tunnel  are  currently  underway. 

With  the  development  of  water  compatible  probe 
particles,  a  difficult  obstacle  to  widespread  application  of  the 
VOP  has  been  removed.  Plans  to  commercialize  the  parti¬ 
cles  and  instrumentation  are  now  being  formulated.  This  is 
expected  to  facilitate  installation  of  the  VOP  at  university, 
government,  and  industrial  research  sites.  In  addibon, 
improvements  to  the  instrument  are  being  developed.  These 
include  methods  for  concurrent  measurement  of  a  probe 
particle’s  vorticity  and  velocity,  for  rapidly  imaging  the 
voiucity  field  (the  vorticity  analog  of  particle  imaging 
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Fig,  6  Measured  Vorticity  Probability  Distributions  in  Couelte  Flow  Before  (a,b)  and  After  (c) 
Transition  to  Turbulence 


velocimetry),  and  for  manufacturing  air-compatible  probe 
particles. 
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Absiruci 

The  paper  deals  wiui  the  development  and  first  pmctical  tests 
of  a  probe  for  simultaneous  measurements  of  p,essure  and 
velocity  fluctuations  (X-P-probe)  The  development  of  this 
probe  offers  for  the  first  time  a  possibility  of  considenng  and 
evaluaung  the  local  pressure  flucluauons  and  their  correlations 
when  determining  the  diffusion  term.  The  behaviour  of  the 
probe  was  losely  examined  as  well  as  the  frequency  and  yaw 
charactcnstics,  which  were  determined  by  means  of  operational 
tests  For  a  first  test  case  (relaxation  region  behind  a  6“- 
diffuser),  the  distnbuuon  of  the  pressure  diffusion  was 
measured.  These  results  are  compared  with  calculations 
according  to  the  k-e-turbulence-model 

Ust  of  Symbols 

Aqqj  Corrective  factor  for  total  pressure 

Dp  Pressure  Diffusion 

f  Frequency 

k  Turbulent  Kinetic  Energy 

P.P'  Total  Pressure,  Total  Pressure  Fluctuation 

P,  Suction  Pressure 

p.p'  Static  Pressure,  Static  Pressure  Fluctuation 
Qi ,  Qi  Calibrated  Signal  of  the  X-Wire 

R  Tube  Radius 

r  Coordmate  in  Radial  Direction 

U,V,W  Mean  Velocity  Components 

u',v',w'  Velocity  Fluctuauons 

x,y,z  Coordinates 

o  Yaw  Angle 

e  Dissipauon 

P  Density  of  Ruid 

Indices 

c  Centerline 


1.  Introduction 

A  comparison  of  numerical  flow  calculations  with  data 
obtained  in  experiments  shows  that  differences  in  turbulent 
quantities  occur  even  in  simple  flows.  As  an  example, 
discrepancies  such  as  these  ate  illustrated  m  Figure  1,  which 
shows  the  measured  distribuuon  of  the  turbulent  kinetic  energy 
of  a  18°-  diffuser  flow.  In  this  case,  the  turbulent  kineuc 
energy  was  determined  by  means  of  the  LDA-measuring 
technique  in  a  refracuve-index  laser  test  section  of  the  TU 
Berlin  /!/.  The  numerical  data  concerning  this  configuration  i7/ 
are  also  shown  m  Figure  1. 


- Calculation  ❖  LDA  -Data 


Figure  1  Distribution  of  the  turbulent  kinetic 

energy.  Comparison  of  LDA-measure- 
ment  with  calculation  (k-t) 

The  data  are  denved  from  calculations  involvuig  the  sundaid 
k-e-turbulence-model  (Penc'  /if)  A  comparison  of  the  curves 
shows  differences  reganling  the  absolute  values  as  well  as  the 
distnbution  of  k.  These  deviauons  can  only  be  interpreted  if 
further  details  about  the  distribution  of  turbulent  quantities  of 
the  flow  are  known.  If  these  terms  are  to  be  determined 
precisely,  it  will  be,  amongst  other  things,  necessary  to 
measure  the  pressure  diffusion,  whose  determination  by  means 
of  experiment  requires  a  measurement  of  pressure  and  velocity 
fluctuations  carried  out  stmultaneously  at  the  same  locabon. 
The  present  paper  deals  with  the  development  of  a  new 
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measunng  technique  aimed  at  the  detennination  of  picssure 
fluctuations  as  well  as  the  correlation  between  pressure  and 
velocity  fluctuation.  In  the  paper,  the  concept,  some  test 
measurements  and  fust  applications  of  the  new  probe  for 
measunng  these  quantiues  (X-P  probe.  Figure  2)  are  desenbed. 


Figure  2  X-P-probt 


Figure  3  Principle  sketch  of  the  X-P-probe 


As  IS  plain  from  its  name,  the  X-P-probc  is  a  combination  of 
two  types  of  probes.  Velocity  is  measured  by  a  convcnbonal 
hot-wire  probe  in  an  X-arrangemeni,  Figure  3 
The  pressure  probe,  working  according  to  the  pnnciple  of  an 
electnc  vanometer,  is  integrated  into  the  0  5  mm  Pitot  probe 
immediately  behind  the  X-probe,  ■•igures  3  and  4. 


Suctioa 


Figure  4  Principle  of  transducing  the  total 
pressure  in  the  electric  signal 


Aided  by  this  measuring  technique,  by  means  of  which  the 
tune-dependent  total  pressure  on  the  probe's  inlet  is  transduced 
into  a  mass  flux  and  measured  by  a  miniature  hot-wue  probe 
(mass  -flow  meter  proportional  to  pressure),  it  is  possible  to 
produce  probes  of  small  dimensions  and  good  frequency 
response.  In  view  of  traditional  pressure  fluctuation  probes 
(e.g.  miCTophones),  suction  is  another  basic  part  of  the  X-P- 
probe  concept  By  lowering  the  counterpressure  in  a  reservoire. 
Figure  4.  a  defined  suction  rate  is  generated  It  reduces  the 
interference  influence  of  the  probe  and,  moreover,  steers  clear 
of  Helmholtz  resonances. 

2.  Pre-Tests 

Fust,  the  probe's  behaviour  was  examined  under  different  flow 
conditions.  There  arc  two  kinds  of  these  investigations’  static 
and  dynamic  tests 

2.1  Dynamic  tests 

In  order  to  detemiine  the  general  frequency  behaviour  of  the  P- 
probe,  a  calibrated  microphone  (Briiel  &  Kjacr)  was  used  as  a 
reference  probe  In  a  miniature  pressure  chamber  (Figure  5), 
the  P-probe  and  the  microphone  were  installed  in  parallel 


Figure  5  Pressure  chamber  for  dynamic  tests 

A  sine-wave  pressure  fluctuation  was  generated  in  the  pressure 
chamber.  The  frequency  of  this  pressure  fluctuabon  was 
incremented  from  20  to  10000  Hz,  while  the  amplitude  was 
adapted  to  the  output  signal  of  the  microphone  'The  result  of 
these  investigations  is  shown  in  the  form  of  transfer  funchons 
(amplitude  ratios  as  a  function  of  frequency)  As  follows  from 
Figure  6,  curve  A  (with  suction)  offers  an  adequate  constancy 
in  the  frequency  range  up  to  1,5  kHz,  Curve  B  in  Figure  6 
describes  the  much  more  unsatisfactoiy  frequency  behaviour  of 
the  pressure  probe  wiiliuut  sucuon  and  thus  illustrates  the 
absolute  necessity  of  this  measure. 
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Mkrophooc 


Figure  6  Transfer  function  of  the  P-probe 


Microphone 

P-Probe 
without  Suction 

with  Suction 
15  Pa 


40  Pa 


160  Pa 

350  Pa 


Figure?  Comparison  of  P'probe  and  micrO' 

phone  alf=IkHz  and  different 
suction  pressures 


2.2  Static  Tests 

In  the  slauc  tests,  the  first  step  was  to  calibrate  the  output 
signal  of  the  pressure  probe  versus  the  total  pressure  This 
procedure  was  repeated  within  the  measurement  range  for 
different  suction  pressures  The  results  are  shown  in  Figure  8. 
Further  investigabons  were  based  on  a  suction  pressure  of  65 
Pa.  It  was  determined  by  rcstricuons  such  as  frequency 
behaviour  (Figure  7),  the  sensitivity  of  the  probe  (Figure  8)  and 
the  minimum  value  of  the  total  pressure  in  the  flow  field  to  be 
examined 


Figure  8  Calibration  of  the  F-probe  at 
different  suction  pressures 

3,  Taw  Characteristics 

Because  the  probe  is  usually  inclined  towards  the  flow 
direcuon,  a  further  pre*test  concerning  the  yaw  characteristics 
of  the  X-P-probe  was  carried  out.  The  P-probe's  characteristics 
after  first  modifications  to  its  head  (spherical  nose)  arc  shown 
in  Figure  9. 


As  a  further  step  in  this  investi-^suon,  the  pressure  signal  of  the 
P-probe  and  the  microphone  was  recorded  for  an  exemplary 
frequency  of  1000  Hz,  Figure  7. 

In  the  upper  part  of  Figure  7,  the  output  signal  of  the 
measuring  microphone  is  shown.  The  curves  lying  below 
represent  the  ouqiut  signal  of  the  P-probe,  obtained  under 
suction  pressure  successively  lowered  from  zero  to  -350  Pa. 
This  shows  that  in  the  case  of  measurement:  without  suction, 
the  frequency  is  doubled;  a  phenomenon,  v'hich  disappears  at 
an  increased  suction  rate. 
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Figure  9  The  probe 's  yaw  characteristics 
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It  becomes  apparent  that  both  the  mean  total  pressure  and  the 
pressure  fluctuation  show  harmonic  courses  up  to  an  angle  of 
±45». 

3.1  Correction  Procedure 

In  the  case  a  yaw  angle  occurs,  the  measured  data  are  subjected 
to  a  correction  function.  Due  to  the  high  number  of  measured 
data,  this  function  has  to  be  as  simple  as  possible  in  order  to 
limit  the  evaluation  time  For  this  reason,  the  measured  data  are 
corrected  using  "look-up"  tables.  To  draw  up  these  tables,  the 
angle  behaviour  of  the  probe  vas  desenbed  by  means  of  a 
Bdzier  function.  Thus,  interim  points  were  produced  with  the 
aid  of  an  interpolation  procedun;  and  set  out  in  a  matrix.  This 
matrix,  whose  elements  could  be  addressed  directly  by  means 
of  the  output  signal  of  the  X-probe,  was  stored  in  t  computer 
and  used  for  correcting  the  measured  data.  In  Figure  10,  a 
matrix  typical  for  the  correction  of  the  total  pressure  is  to  be 
seen.  A„  is  the  correction  factor  for  the  measured  total  piesure 
(P-probe)  and  Q|,Qj  are  the  calibrated  signals  of  the  X-prob, 
respectively. 


Figure  10  Look-up  table  for  total  pressure 

4.  Practical  TestsI  Applications 

To  begin  with,  the  accuracy  of  the  X-P-probe  in  total  pressure 
measurements  was  examined  in  simple  pracucal  tests.  For  this 
purpose,  the  velocity  profile  of  a  pipe  flow  was  recorded  by 
means  of  a  X-hot-wire  probe.  Figure  11. 


q  t  f  13  13  33 


U(m/s) 

Figure  11  Velocity  profile 

The  same  figure  shows  the  velocity  values  as  derived  from  the 
total  pressure  (P-probe)  and  the  static  wall  pressure.  The 
agreement  of  the  two  curves  illustrates  the  ability  of  the  probe 
to  determine  total  pressures  correctly.  Moreover,  the  pressure 
fluctuabons  measured  a-  well  as  their  correlations  were 
compared  to  similar  results  obtained  in  a  pipe  flow  by  other 
authors  (Komenith/Hedge  and  Sirahle  /4/),  Figure  12. 


Figure  12a  Pressure  fluctuation  profile  in  a 

pipe  flow 


r/R 


Figurellb  The  u'p' correlation  in  a  pipe  flow 


4-4-4 


These  results  can  be  considered  as  a  further  confirmation  of  the 
measuring  technique  developed  here 

For  the  first  pracucal  applicauon  of  the  X-P-probe  for 
measuring  the  pressure  diffusion,  the  relaxation  region  behind 
the  6°- diffuser  was  chosen  This  measurement  is  aimed  at 
detecting  the  turbulent  diffusion  in  consideration  of  the  static 
pressure  fluctuations.  Moreover,  the  numencal  calculations 
earned  out  by  means  of  a  finite-volume  program  are  to  be  used 
as  a  basis  for  companson.  As  for  the  calculations  shown  in 
Fig  1.  this  IS  the  k-e-turbulcncc  model  as  developed  by 
Launder  and  Spalding  /5/.  Figure  13  shows  the  result  of  this 
investigation  In  order  to  be  able  to  compare  the  data  in 
general,  the  terms  determined  were  standardized  with  (U^ 
IS  the  velocity  in  the  centreline  of  the  pipe)  The  flow  field  was 
measured  in  radial  direction  by  small  steps  of  1mm.  In 
longitudinal  direction,  however,  a  greater  distance  (30  mm) 
was  chosen  because  of  the  smaller  gradients  of  the  flow.  The 
measured  values  themselves  were  obtained  from  groups  of 
36840  measured  data  which  are  composed  of  the  three 
quanuues  U(i),  V(t),  p(t)  The  diffusive  transport  of  k  through 
the  velocity  and  pressure  field  was  determined  as  follows 


o  MMiurenent  •>*>C*lculatk»a  X*  150  mm 


o  McAturmeot  CakuUlIoD  X  «  300  mm 


Figure  14  Coir./Mrison  of  the  pressure  diffusion 
measured  with  the  k-t’Turbulence 
Modei 
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Figure  13  Development  of  pressure  diffusion 

III  Figure  13,  the  development  of  this  teim  in  a  relating  flow  is 
depicted.  These  results  show  that  the  diffusion  term  changes  its 
sign  when  approaching  the  wall  While  the  principal  course  of 
the  diffusion  is  not  influenced  by  the  relaxation  process,  it  is  to 
he  inured  that  the  minimum  shifts  to  smaller  values 


A  comparison  with  the  diffusion  term  resulting  from  the  k-e- 
model  (Figure  14)  shows  that  a  basic  agreement  exists  between 
the  calculated  diffusion  and  the  one  determined  by  way  of 
experiment  However,  diffen-nces  in  quantity  arise,  which 
increase  in  the  near  wall  regicii. 
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5.  Concluding  Remarks 

As  IS  shown  in  the  present  paper,  the  static  pressure  p(t)  and 
two  velocity  components  U  (t)  and  V(t)  can  be  measured 
simultaneously  by  means  of  the  X-P-probe,  In  axisymmetric 
flows,  the  terms  in  the  transport  equabon  for  the  turbulent 
kineuc  energy  can  be  derived  from  these  measured  data,  exept 
for  the  dissipation  wich  can  be  determined  indirr'  .ly  from  the 
equilibnum  of  these  terms  However,  the  deterr.  oauon  of  tfie 
dissipation  for  complex,  three-dimensional  flows  requires 
additional  information  on  the  third  velocity  component  W(i). 
Through  a  modification  of  the  probe  (i.c.  the  integration  of  an 
additional  hot  wire),  this  aim  of  development  is  to  be  achieved. 
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abstract 

The  paper  describes  a  new  technique  for  delecting  lo¬ 
cal  wall  shear  stresses  by  means  of  obstacle-wires 
From  the  viewpoint  of  similarity  theone,  this  tech¬ 
nique  IS  comparable  to  the  sublayer  fence  measuring 
technique  It  is  based  on  the  measurement  of  the 
pressure  difference  m  front  of  and  behind  an  obstacle- 
wire  glued  on  the  surface  of  a  test  body  In  a  further 
simplified  form  of  the  technique,  only  the  pressure  in 
front  of  the  obstacle  wire  has  to  be  measured  For  a 
wide  range  of  subsonic  Mach  numbers,  the  measured 
calibration  curves  show  a  stands  rdizable  characteris¬ 
tic,  which  IS  independent  of  the  diametor  of  the  ob¬ 
stacle-wire  The  method  is  tested  for  different  test 
cases  {airfoil  profiles,  flat  plate  flow,  relaxing  diffuser 
fow)  and  compares  well  with  other  skin  friction 
measuring  techniques 


NOMENCLATURE 


a 

c 

Cf  =  2-tw/p.uo2 

d 

D 

h 

L 

M  =  uo/a 
P 

^p 


speed  of  sound 
chord 

skin  friction  coefficient 
diameter  (wire,  Preston  tube) 
pipe  diameter 
Sublayer-fence  height 
obstacle-wire  length 
Mach  number 
static  pressure 
pressure  difference 


Ap-d2/4-p.v2  dimensionless  pressure  differenci 


Reynolds  number 
velocity  m  mean  flow  direction 
free  stream  velocity 
dimensionless  velocity 
shear  stress  velocity 
reference  velocity 
streamwise  coordinate 
reatfachment  point 
normal  distance  from  wall 


y+  =Ui-y/v  dimensionless  wall  distance 

o  attack  angle 

''  kinematic  viscosity 

P  density 

*w  wall  shear  stress 

i*  =  tw<f2/4.p.v2  dimensionless  wall  shear  stress 


INTRODUCTION 


The  determination  of  local  wall  shear  stresses  as  well 
as  the  determination  of  velocity,  pressure  and  tern 
perature  belong  to  the  classical  problems  in  experi¬ 
mental  fluid  mechanics  This  applies  to  practice 
orientated  research  ,,  i  e  the  optimization  of  fluid 
technical  systems  or  the  development  and  examin¬ 
ation  of  new  laminar  wing  concepts  and  the  field  of 
general  boundary-layer  research,  where  wall  friction 
IS  needed  as  an  integral  part  of  boundary  layer- 
similarity  laws  Additionally,  wall  shear  stress  as  a 
boundary  condition  is  a  very  significant  parameter  in 
fhe  expe.imental  verification  of  modern  numerical 
methods 

Up  to  now,  in  comparison  with  other  flow  quantities,  a 
precise  measurement  of  local  wall  shear  stress 
requires  great  experimental  demands,  eg  /!/,  /2/ 
Common  skin  friction  measurement  methods  are 
thermo-electric  methods  (  surface  hot  film  )  and 
laser-optic  methods  (  laser  interferometer  }  Apart 
from  these,  there  are  still  those  methods  which  are 
based  on  pressure  measurement  such  as  the  sublayer- 
fence  technique  and  the  Preston  tube  method  Both 
techniques  are  based  on  similarity  laws  of  wall 
boundary  layers,  le  the  law  of  the  viscous  sublayer  in 
the  case  of  fhe  sublayer-fence  technique  and  the  law 
of  the  wall  of  turbulent  boundary  layers  in  the  case  of 
the  Preston  tube  technique  Unlike  the  sublayer- 
fence,  which,  after  having  been  calibrated  individually 
at  the  point  of  later  measurements,  can  also  be  used  in 
non-classical  boundary  layers /2/,  the  standard  Preston 
tube  IS  only  valid  for  simple  boundary-layer  flows 
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Here,  solid  probe  geometry  (wall-pitot  tube  with 
dinside^doutside  =  06)  effects  a  general  calibration 
curve  In  the  Sublayer-fence  technique,  important 
restrictions  result  from  the  technical  effort  required 
(i  e  fitting  a  measurement  plug  into  the  body  wall,, 
individual  calibration),  whereas  the  standard  classical 
Preston  tube  method  is  restricted  to  simple  flow  cases 
/2/,  /3/ 

This  paper  preser'ts  the  obstacle-wire  technique  as  a 
new  wall-shear  stress  measuring  method  It  combines 
the  advantages  of  the  methods  mentioned  above,  i  e 
the  wide  application  spectrum  of  a  sublayer  fence  with 
the  standardi2ed  calibration  and  flexible  application 
of  a  Preston  tube  In  its  first  step  of  development,  this 
new  method  is  based  on  a  differential  pressure 
measurement  in  front  of  and  behind  an  obstacle-wire 
of  a  very  small  diameter  (typical  0  1-06  mm,  L/d  20) 
Similar  to  the  sublayer-fence  technique,  the  measured 
pressure  difference  can  be  correlated  to  the  local  wall 
shear  stress  Owing  to  the  form  of  the  device,  which 
can  be  easily  reproduced  geometrically  .  a  standard 
calibration  curve  can  be  formulated  It  is  independent 
of  the  obstacle-wire  diameter  and  comparable  to  the 
standard  Preston  tube  calibration  In  contrast  to  the 
individual  sublayer-fence  calibration  method,  this 
standardizable  calibration  curve  leads  to  a  wide  usage 
spectrum  Additionally,  the  method  requires  a 
relatively  simple  construction  technique  merely  two 
closely  streamwise  placed  pressure  taps  are  needed 
Here,  the  obstacle-wire  is  glued  crosswise  in  between 
them  on  the  surface  The  method  needs  no  plug  in 
probes  and  is  therefore  much  more  flexible  and 
applicable  than  the  sublayer-fence  technique 

In  the  following,  this  paper  describes  the  underlying 
principle  of  the  obstacle-wire  technique  Further¬ 


@ 

sublayer  fence 


® 

obstacle  wire 


Figure  1  :■  Wall  shear  stress  measurement  techniques, 
a)  sublayer  fence,  b)  obstacle-wire 


more,  it  gives  a  survey  of  the  calibration  experiments 
in  the  range  of  0  01  <  Mach  number  <  0  8  It  also 
describes  practical  wall  shear  stress  measurements  on  a 
turbulent  flat  plate  and  in  a  transitional  boundary- 
layer  flow  as  well  as  a  relaxing  diffuser  flow  Finally,, 
the  paper  presents  a  further  simplified  variation  of  the 
obstacle-wire  technique  Here,  only  one  pressure  tap 
in  front  of  the  obstacle-wire  is  used  This  configuration 
allows  the  application  of  the  technique  on  almost  any 
wind-tunnel  airfoil  model  with  a  minimum  of 
construction  effort  First  wall  shear  stress  measure¬ 
ments  were  carried  out  on  two  different  airfoil  models 
in  sub-  and  transonic  flows  They  proved  the  good 
applicability  of  this  simplyfied  technique 


FUNDAMENTALS  OF  THE  OBSTACLE  -  WIRE  TECH¬ 
NIQUE 

The  obstacle-wire  technique  is  based  on  the  similarity 
law  of  the  viscous  sublayer  and  is  similar  to  the 
sublayer-fence  technique,,  Figure  la  The  pressure 
difference  measured  in  front  of  and  behind  the  thm 
wire,.  Figure  1b,  is  correlated  to  the  local  wall  shear 
stress  via  the  boundary-layer  law  through  the 
transformations 


2  '  “t  ''  '  ■  p 

■(d/2)2 
.  v2 

( 1 ) 

UT-  yi2  Tw -18/2)2 

^  P  .  v2 

-I 

(  2  ) 

d  =  characteristic  wall  distance,  Ap  =  measured 
pressure  difference,  u,  =  reference  velocity 

These  transformations,  which  are  both  formally  similar 
to  the  sublayer  fence  and  the  Preston  tube  technique, 
yield  to  the  required  correlation  between  the  dimen¬ 
sionless  wall  shear  stress  and  the  measured  pressure 
difference 

X*  =  (3) 

A,  n  =  empirical  constants 

This  correlation  is  usually  determined  empirically  In 
Figure  2a,  two  characteristic  calibration  curves  of  the 
sublayer-fence  are  shown  for  different  heights  of  the 
fence 
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Figure  2'  Measured  calibration  curves 

a)  sublayer  fence.,  b)  obstacle-wire 

A  standardi2able  calibration  curve  can  be  expected  for 
geometrically  more  similar  configurations  like  ob¬ 
stacle-wires  having  the  same  diameter  of  pressure  taps 
and  wire  First  calibration  experiments  employing 
different  sized  obstacle-wires  confirmed  this  hypo¬ 
thesis,  Figure  2b  These  experiments  were  carried  out 
in  a  fully  developed  pipe  flow  (  OsSO  mm,  bl  - 
thickness  =  25  mm  )  The  wall  shear  stresses  in  these 
experiments  were  determined  by  the  pressure  drop  in 
flow  direction  that  can  be  takr-  as  a  measure  for  skin 
friction  As  shown  in  Figure  2b,  the  measuring  points 
for  different  characteristic  diameters  of  the  obstacle- 
wire  make  up  a  standard  correlation  between 
nondimensional  pressure  difference  (1)  and  wall  shear 
stress  (2)  This  forms  a  contrast  to  Figure  2a,  which 
shows  comparable  results  for  a  sublayer  fence  Here, 
the  influence  of  the  height  of  the  fence  is  clearly 
visible  and  confirms  the  problem  of  individual 
calibration  Another  result  of  such  calibrating 
experiments  IS  shown  in  Figure  3  In  this  case,  an 
obstacle-wire  (  d  =  0  15  mm  )  was  calibrated  in  a 


Figures:  Obstacle-wire  calibration  curve  for  high 
subsonic  Mach  numbers 


turbulent  flat  plate  flow  up  to  Mach  numbers  of 
M  0  8  In  order  to  determine  the  wall  shear  stress,  the 
standard  Preston  tube  method  extended  to 
compressible  flows  /4/  was  used  as  a  referential 
method  The  results  compare  with  those  shown  in 
Figure  2b  and  confirm  both  the  applicability  of  the 
obstacle-wire  technique  up  to  high  subsonic  Mach 
numbers  as  well  as  the  standardizable  calibration  over 
a  wide  velocity  range,  Figure  4 


Figure 4.  Obstacle-wire  calibration  for  different 
diameters  and  Mach  numbers 


PRACTICAL  APPLICATIONS 

The  first  practical  application  of  the  method  devel¬ 
oped  took  place  in  a  transitional  flat  plate  flow,  for 
both  a  free  laminar  -  turbulent  transition  and  a  fixed 
transition  In  these  measurements,  a  calibration  curve, 
as  represented  in  Figure  2b,  was  used 
Figure  5  shows  clearly  that  the  obstacle-wire  method 
supplies  extremely  good  reproductions  of  the  theor¬ 
etical  friction  laws  for  laminar  and  turbulent  flows  It 
therefore  confirms  flexible  applicability  Similarly 
convincing  results  were  obtained  in  the  experiments 
shown  in  Figure  6,  which  were  carried  out  in  a  relaxing 
flow  behind  an  overcntical  10°-  diffuser  In  this  case,, 
again  the  calibration  curve  which  had  been  assessed  in 
a  fully  developed  pipe  flow  (  Figure  2b  ),  was  used  for 
measurements  downstream  of  the  reattachment 
point  Comparative  results  were  obtained  with  a 
sublayer  fence  and,  thus,  also  confirmed  the  method 
presented  here 
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Figure  5  Skin  friction  measurement  with  an 
obstacle-wire  (transitional  flat  plate  flow) 


x[mml 

Figures.  Wall  shear  stress  measurement  with  the 
obstacle-wire  and  sublayer-fence  technique 
(relaxing  diffuser  flow) 


FURTHER  DEVELOPMENTS 

For  further  reduction  of  the  technical  effort,  addi¬ 
tional  experiments  were  made,  as  illustrated  in  Figure 
7  Here,  the  pressure  difference  was  no  longer  used  in 
front  of  or  behind  the  obstacle-wire  As  the 
characteristic  pressure  difference,  the  pressure 
measured  in  front  of  the  wire  (  P3  )  was  used  in 
difference  to  the  calculated  value  (  pi  )  obtained  by 
means  of  interpolation  of  the  pressure  tap  readings 
upstream  and  downstream  of  the  obstacle-wire  point 
Theoretical  examinations  of  this  problem  are 
presented  in  /5/,,  and  show,  too,  that  this  pressure 
difference  characterizes  the  pressure  field  around 
wall  bounded  cylinders  The  simplified  technique 


P3 


Figure?:  Principle  of  the  modif.ed  obstacle-wire 
technique 


presented  above  was  employed  on  the  basis  that 
bodies,  which  are  to  be  examined  in  experimental 
aerodynamics,,  usually  set  up  with  a  lot  of  static 
pressure  taps 

The  resulting  calibration  curve  of  this  simplified 
technique  for  two  different  experiments  with  strongly 
varied  IVIach  numbers  and  different  wire  diameters  is 
shown  in  Figure  8  This  calibration  curve  differs  slightly 
from  the  results  shown  in  Figure  2b,  3  and  4  This  is 
due  to  the  lower  pressure  difference  in  case  of  the 
simplified  technique  However,,  the  results  in  Figure  8 
confirm  again  that  a  standardizable  calibration  exists 
for  geometrically  similar  configurations  of  the 
obstacle-wire  Figure  9  shows  both  calibration  curves 
of  the  obstacle-wire  technique  in  comparison  with 
other  calibration  curves  based  on  pressure 
measurements  as  a  measure  of  the  wall  shear  stress 


Figure  8.  Measured  calibration  curve  for  the  mod¬ 
ified  obstacle-wire  technique 
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Figure  9  Comparison  of  the  obstacle-wire  technique 
with  other  wall  shear  stress  measuring 
devices 


x/c  =  0.3 


Figure  10.  Wall  shear  stresses  on  an  airfoil  (SCCH) 
measured  by  means  of  the  modified 
obstacle-wire  and  CPM  S  technique 


In  a  first  practical  application,  the  extended  technique 
was  tested  on  two  airfoil  models  The  Computational 
Preston-tube  Method  (  CPM  3-  triple  probe  /3/  j 
extended  to  compressible  flows  lb!  -  served  as  a  refer¬ 
ential  method  Figure  10  shows  a  very  good 
correspondence  m  the  wall  shear  stress  measured  In 
this  case,  only  the  wall  shear  stress  at  x/c  =  0  3  is 
shown,  indicating  the  boundary-layer  transition  as  a 
function  of  the  attack  angle  of  the  profile  Another 


x/c  =  0.4 


Figure  11;.  Measured  wall  shear  stresses  at  x/c  =  0  4  as  a 
function  of  the  Mach  number  for  two 
attacK  angles  of  an  airfoil  (CAST?) 

example  is  demonstrated  in  Figure  11  Here,  the 
transition  of  the  boundary  layer  -  from  the  low  wall 
shear  stress  level  of  the  laminar  flow  to  the  strongly 
increasing  wall  shear  stress  of  the  turbulent  flow, 
depending  of  the  Mach  number  -  is  clearly  visable 
These  first  practical  tests  of  the  simplified  obstacle- 
wire  technique  ca.t  also  be  considered  as  very 
encouraging  with  regard  to  airfoil  experiments 


SUMMARY 

The  paper  presents  a  new  wall-shear  stress  measure¬ 
ment  method  on  the  basis  of  obstacle-wires  The  basic 
version  of  the  method  is  founded  on  the  pressure 
difference  measured  behind  and  in  front  of  a  thin 
wire  ( typical  d  =  0  1  to  0  6  mm  )  that  is  stuck  between 
two  pressure  taps  Although  the  technique  is 
comparable  to  the  sublayer-fence  technique,  its 
flexibility  IS  strongly  improved  because  the  device  is 
supported  by  a  standardiaable  calibration  correlation 
on  the  condition  that  the  geometrical  form  (  wire 
diameter  /  distance  between  pressure  taps  1  diameter 
of  the  pressure  taps  )  remains  similar  Calibration 
experiments  are  shown  for  different  flow  cases  as  well 
as  practical  measurements  in  non-classical  boundary- 
layer  flows  ( transitional  air-foil  flows,  relaxing  flow  ), 
which  illustrate  the  wide  applicability  of  this 
technique  Finally,,  an  additional  simplification  of  the 
measuring  technique  is  discussed,  employing  only  one 
pressure  tap  in  front  of  the  wire  The  reliability  of  this 
technique  is  confirmed  too  by  calibration  experiments 
and  first  practical  applications  on  airfoils 
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Abstract 


The  present  paper  considers  equations  for  higher  order  mo¬ 
ments  of  turbulent  velocity  fluctuations  for  wall  bounded  flows 
These  are  derived  fioni  the  extended  Reynolds  equations  for 
turbulent  property  fluctuations.  The  resultant  equations  are 
closed  utilizing  truncated  cumulant  expansions  as  an  approxi¬ 
mation  for  the  probability  density  distributions  of  correspond¬ 
ing  turbulence  properties.  By  applying  different  degrees  of  trun¬ 
cations  of  these  expansions  an  alternative  set  of  eouations  for 
moments  is  formulated  that  contains  only  velocity  correla¬ 
tions  FYom  these  equations  statistical  invariants  are  deduced 
and  are  experimentally  verified  employing  data  available  in 
literature  and  also  data  measured  by  authors 


1  Introduction 

It  IS  a  general  pratice  in  turbulence  modelling  to  operate 
With  equations  for  moments  of  turbulent  velocity  fluctuations. 
These  involve  three  different  types  of  unknown  cc:  jiations* 

•  higher  order  velocity  correlations 

•  velocity  pressure-gradient  correlations 

•  dissipation  correlations 

Introducing  assumption  of  local  homogenity  for  the  small  scale 
structure  of  turbulance.Chou  (3]  developed  a  sistematic  and 
self  consistent  procedure  to  close  sets  of  equations  for  veloc¬ 
ity  pressure-gradient  and  dissipation  correlations, In  the  liter¬ 
ature, higher  order  velocity  correlations  are  usually  modeled 
employing  Millionschikov  hypothesis  [lOj  or  also  by  gradient 
transport  equations  of  the  corresponding  moments  of  lower  or¬ 
der  [6]. However, the  validation  of  the  assumptions  rntrodu^ed 
in  existing  closure  schemes,  i  e.  presented  in  ref. [12], revealed 
significant  disagreement  between  simulated  data  and  data  pre¬ 
dicted  by  computer  codes  involving  turbulence  models  with 
menthioned  closure  assumptions  Attemts  to  modify  turbu¬ 
lence  closure  models  have  not  always  lead  to  more  improved 
data  predictions  of  turbulence  properties,! .e.  see  ref.[7j. 

In  a  recent  publication  Durst,  Jovanovic  and  Johansson  [4] 
(hereafter  referred  to  as  DJJl )  introduced  a  new  statistical  ap¬ 
proach  for  treatment  of  equations  for  higher  order  moments  of 
turbulent  velocity  fluctuations.  Starting  from  the  basic  con¬ 
servation  laws  they  derived  a  set  of  equations  for  the  central 
moments  of  the  arbitrary  order  n* 


1  u,  dur'  ^du,  1  ur\ 

n  +  l  dt  n  -b  1  5ar,  ^  '  dz,  n  -f  1  dx, 


For  the  steady, plane  channel  flow  and  approximately  also  for 
wall  boundary  layers,  eqn  (1)  reduces  to  the  following  form. 


^  dxj  '  n  + 1 


Introducing  the  three-dimensional  joint  probability  density 
distribution 


=  1,2,3  (4) 

and  its  marginals 

=  r  P’iu„u„n,)dn,  (5) 

r  p>(u„m,n,}du,  (6) 

J'~90 

DJJl  formed  a  basis  for  statistical  consideration  to  close  the 
hierarcy  of  equations  for  higher  order  moments. 

Since  the  exact  analytical  forms  of  the  above  defined  dis¬ 
tributions  are  unknown,  DJJl  proposed  to  expand  them  in 
terms  of  higher  order  cumulants.Thc  first  terms  of  these  ex¬ 
pansions  corresponds  to  Gaussian  probability  density  distri¬ 
butions  and  the  remaining  terms  express  deviations  from  the 
normal  distribution. By  introducing  different  degrees  of  trun¬ 
cations  of  these  expansions  ,DJJ1,  showed  that  it  is  possible 
to  formulate  an  altemattvc  set  of  equations  for  moments  that 
contain  only  velocity  corrc/ofiv'’n5. 

The  objective  of  this  work  is  to  analyse, in  more  detail, the 
derived  system  of  equations  for  moments  of  turbulent  veloc¬ 
ity  fluctuations  utilizing  double  cumulant  expansions  for  the 
marginal  distributions  (5)  and  (6). Equations  resulting  from 
fourth, sixth  and  eighth  order  truncation  approximations  of 
series  expansions  for  the  marginal  distributions  are  consid¬ 
ered.  Since  these  equations  involve  only  velocity  correlations 
it  will  be  possible  to  compare  them  with  experimental  data 
measured  in  a  turbulent  boundary  layer  Formulating  condi¬ 
tions  leading  to  the  asymptotic  reduction  of  the  derived  sys¬ 
tem  of  equations, for  moments  towards  the  Gaussian  limit, it  is 
possible  to  deduce  the  behaviour  of  higher  order  correlations 
across  the  entire  flow  field  Derived  functional  relationships 
for  higher  order  moments  are  validated  against  available  ex¬ 
perimental  data  obtained  in  different  wall  shear  flows. 
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2  Equations  for  Higher-Order  Mo¬ 
ments  Resulting  from  Truncated 
Approximations  for  the  Marginal 
Probability  Density  Distributions 

PJ’(').  and 

To  represent  marginal  distributions  (5)  and  (6)  Durst,  Jo- 
vanovic  and  Johansson  (5]  (hereafter  refercd  as  DJJ2)  uti¬ 
lized  a  specific  type  of  cumulant  expansion  \»hich  is  refercd  in 
the  literature  as  Grani-Charlier  senes  expansions  They  nave 
extensively  investigated  the  applicability  of  various  iclation- 
ships  for  higher  order  correlations  resulting  from  differenf  de¬ 
grees  of  truncations  of  these  expansions  Direct  testing  of  the 
predicted  higher  order  correlations  against  experimental  data 
gave  support  for  the  applicability  of  the  considered  type  of  cu¬ 
mulant  expansion  over  a  wide  portion  of  turbulent  boundary 
layer.  The  analysed  data  also  comfirmed  that  with  increas¬ 
ing  order  of  truncations  of  the  above  mentioned  scries  expan¬ 
sions  more  improved  data  predictions  are  obtained  Thus  the 
work  of  DJJ2  has  provided  an  experimental  proof  that  Gram- 
Charlier  series  expansions  for  marginal  distributions  and 
p;.(3)  ppQVjje  sufficiently  close  approximation  for  the  consid¬ 
ered  types  of  higher  order  correlations  involved  in  the  basic 
equations  for  moments 

By  expanding  the  marginal  distributions  and  P^J^l 
in  the  form  of  Gram-Charlier  series  expansions  and  by  per¬ 
forming  different  degrees  of  truncations  of  these  expansions 
DJJl  succeeded  in  formulating  a  nontrivial^  set  of  equations 
for  higher  moments.The  alternative  set  of  equations  for  mo¬ 
ments  IS  obtained  by  applying  following  methodology 

For  A/**  order  truncation  approximation  we  con¬ 
sider  first  (A^  +  H  equations  of  the  system  de¬ 
fined  by  (2).  All  correlations  of  order  higher  than 
the  order  of  truncation  are  approximated  by  re¬ 
lationships  valid  for  truncated  Gram-Charlier  ex¬ 
pansions.  Since  double  expansion  is  employed  for 
P^f‘)  and  similar  expressions  are  used  tor 
representing  ujuj  and  ujfl;  correlations  for  ri  > 

N.  First  (N-1)  equations  for  moments  are  com¬ 
bined  with  auxiliary  relationships  derived  from  trun¬ 
cated  Gram-Charlier  series  expansions  to  elimi¬ 
nate  compound  correlations  from  the  last 
two  equations  of  the  system.  From  these  equa¬ 
tions, the  final  form  is  obtained  by  cross  elimina¬ 
tion  of  terms  that  contain  spatial  derivatives  of 
mixed  correlations. 


By  applying  the  above  procedure  the  following  set  of  ap¬ 
proximate  equations  is  obtained  (see  also  [4|) 


F,  -3  dx. 


(H;.-  _ 

^  ^  dX2  ^  dX2  ^  dX2 

fi'.'  il  4. 6R-.'  (^os,-ss,y  d^ 

^  dx2  ^  15Pj  ~  30  -  SFj  dx2 


‘Nontrivial  m  a  lenie  that  the  system  also  posseses  non-Gausian 
solutions 


{R]-' -21  If,  '  +  105/J^’')^  + 

'  ’  ^  ^  dX2  ^  dX2 

ul2  oTj  dX2 

...  {2lSS,-\0iS,-HS,)' 

'  315-  HF,  +  2SSF,-210F,  dx,  “ 

With  the  following  notation' 

C  =  ^0  ,  o,  =  \p,  ,  <Xt  =  'M 


The  leading  equation  has  been  obtained  by  the  application  of 
the  fourth  order  truncation  approximation  and  the  remainder 
equations  by  the  application  of  sixth  and  eighth  order  trun¬ 
cations  of  the  marginal  distributions. 

The  resultant,  nontrivial  set  of  equations  for  higher  order 
moments  forms  the  basis  for  the  advanced  statistical  treat¬ 
ment  of  equations  that  govern  the  the  turbulent  wall  flows.The 
system  is  not  closed  and  contains  singular  terms  at  the  point 
where  the  solution  approaches  a  Gaussian  distribution  These 
terms  arc  essential  for  extracting  non-Gaussian  behaviour  of 
higher  order  correlations 


3  Derivation  of  Statistical  Invari¬ 
ants  from  the  Equations  for  High¬ 
er  Order  Moments 


The  system  of  equations  for  moments  was  derived  by  expand¬ 
ing  marginals  (5)  and  (6)  around  the  normal  distribution 
Therefore  it  is  natural  to  assume  that  there  exists  at  least  one 
point  in  the  flow  where  higher  order  correlations  approachs 
those  corresponding  to  the  Gaussian  distribution  From  de¬ 
rived  systm  (7)-(9)  it  is  possible  to  show  that  the  Gaussian 
solution  can  be  obtained  only  at  the  point  of  maximum  inten¬ 
sity 

if  higher  order  central  moments  are,  at  the  same  point,  inter¬ 
related  as  follows; 

15F,  -  30  -  5F;  K2j(105;  -  SS^f  (11) 

315  -  HFj  +  285F,  -  210F,  ci  Kz^[2\SSj  -  1055,  -  HS,f 


In  the  above  formulas  K\^^K2^  and  F3,  are  arbitrary  con¬ 
stants.  Requesting  an  unbounded  domain  of  joint  variation 
of  higher  order  moments  {Kij  >  0),  it  follows  from  (11)  that 
the  point  of  maximum  intensity  zero  skewness  and  minimum 
flatness  coincide  in  the  boundary  layer. 

Additional  constraints  for  higher  order  moments  can  be 
formulated  by  considering  the  possibility  to  condensate  the 
system  of  equations  (7)-(9)  Successive  applications  of  re¬ 
lationships  for  higher  order  correlations  derived  for  or- 


dcr  truncation  approximation  of  senes  expansion  (5)  to  the 
equations  obtained  by  applying  (yV  +  2)**  order  truncations  of 
marginal  distributions  will  reduce  system  (7)-(9)  towards  the 
leading  equation  defined  in  terms  of  fourth  order  correlations. 
Since  the  system  is  not  trivial  the  above  described  procedure 
will  provide  conditions  that  define  a  close  form  solution  for 
the  probability  density  distribution  of  velocity  fluctuations  in 
integral  form 

Transforming  cqns  (9)  and  (8)  employing  the  relation¬ 
ships  valid  for  sixth  and  fourth  order  truncation  approxima¬ 
tions  we  obtain- 


-  15  4-61im 


(105,  -  55;)> 


'  155, -30-5f,  ■'  '■ 

55,  105, 

55,  155,  -  30 

755,  -  1055,  +  210+ 

(2155,-1055,-7/5,)^  ^ 

“  315  -  HF,  +  2855,  -  2105,  ~  '  ' 

HS,  2155,  -  1055, 

HF,  -.2855, -2105, +  315 

To  enable  matching  of  above  deduced  algebraic  relations  for 
moments  to  the  leading  equation  of  the  system,  we  express 
cqn  (7)  as  follows 

By  comparing  eqns.  (12), (13)  and  (14)  we  conclude  that  they 
will  tend  towards  a  self  consistent  form  only  in  the  following 
limiting  case 

-+  0 

fl?  '  -.  F,R];'  (15) 

55,  -  155,  -  30 

Hence  the  limiting  compressed  form  of  the  system  reads* 


Sj  — ^  0  ,  Fj  —*  3 

55,-*  -  15  +  Ohm  =  0 

'  155,  -  30  -  55, 

55,  -.  105,  ,  55,  155,  -  30 

(2155,  -  1055,  -  HS.f 

lim  ■  - - —  —  .Li.:-.  ^  0 

315-//F;  +  285F,-210f, 

HSj  1055;  ,,  HF,  -*  210F;  -  525 


where  F^  •  orresponds  to  the  flatness  factor  evaluated  at  the 
wall 

The  obtained  algebraic  counterpart  of  the  initial  system 
of  equations  for  moments  is  valid  only  at  the  flow  boundaries 
(tiy  -+  0).  Functional  forms  (16),  (17)  and  (18)  are  indentival 
to  the  deduced  interrelations  between  higher  order  moments 
(11)  found  arouiid  the  point  of  maximum  intensity.  Therefore 
we  can  write  down  interpolation  formulas  for  kernalo  that  ap¬ 
pear  in  the  equations  for  moments* 


const 


(19) 


(j,  _  (105,-55,)^ 

'  -  155,  -  30  -  55, 

,3,  ^  (2155,  -  1055,  -  //5,)^ 

'  315-//5, +  2855, -2105, 


const. 

const. 


(20) 

(21) 


The  above  terms  are  therefore  indentified  as  statistical  invari¬ 


ants 


4  Experimental  Verification 

4.1  Verification  of  Dynamic  Equations  for 
Higher  Order  Moments 

The  experimental  data  base  of  Johansson  (8|,  taken  in  a  fully 
developed  turbulent  boundary  layer  employing  three-dimen¬ 
sional  LD  anemometry,  is  used  to  verify  the  derived  set  of 
equations  (7)-(9)  for  higher  order  moments  Individual  terms 
of  the  above  listed  equations  and  final  sums  were  computed 
from  stored  LDA  data  files  Verification  examples  are  shown 
in  Figure  1-2. 

Experimental  data  confirm  that  the  derived  system  of  equa¬ 
tions  holds  in  the  viscous  sublayer,  logarithmic  region  and  m 
the  outer  part  of  the  boundary  layer.  In  the  buffer  region 
experimental  data  systematicly  deviate  from  predictions.This 
tendency  is  due  to  the  singularity  present  in  the  equation  for 
fourth  order  truncation  approximation  and  also  due  to  the 
weak  convergence  of  terms  representing  velocjty»prc8surc  gra¬ 
dient  and  dissipation  correlations  (4).  The  general  conclusion 
drawn  from  the  analysed  data  supports  the  validity  of  the 
derived  system  of  equations  for  moments  across  95%  of  total 
shear  layer  thickness. 


4.2  Verification  of  Statistical  Invariants 

In  order  to  verify  the  results  of  the  derivations  of  section  3  a 
literature  survey  was  performed  to  collect  most  of  the  avail¬ 
able  data  on  higher  order  moments  of  turbulent  velocity  fluc¬ 
tuations  in  wall  shear  flows.  A  summary  of  all  collected  data 
is  pr^nt  in  Table  1 

Verification  examples  for  invariant  arc  shown  in  Fig¬ 
ures  3  and  4  in  the  form  of  cross  plots  of  higher  order  moments 
Experimental  data  support  the  validity  of  derived  invariant 
for  streamwise  velocity  component  across  the  entire  flow  do¬ 
main.  For  the  norma!  velo'  ity  component  the  deduced  in¬ 
variant  also  holds  excluding  the  buffer  region  (see  also  Figure 
4-b).Deduced  relations  between  higher  order  moments  are  in 
agreement  with  conclusions  drawn  from  Figures  1  and  2  re¬ 
garding  the  validation  of  derived  system  of  equations  across 
the  boundary  layer. 

An  extension  of  the  analysis  presented  in  this  paper  per¬ 
mits  conclusions  to  be  drawn  on  the  joint  variation  of  higher 
order  moments  of  all  three  fluctuating  velocity  components. 
This  is  given  in  Figure  5  summarizing  the  existing  knowledge 
on  the  behaviour  of  these  quantities  in  wail  bounded  flows 
Orderliness,  as  shown  in  Figure  5  might  help  to  better  under¬ 
stand  turbulent  momentum  transport  across  wall  shear  layers 

4.3  Limiting  Values  of  Higer  Order  Mo- 
titeuts  on  the  Wall 

The  condition  of  asymptotic  matching  of  equations  for  mo¬ 
ments  (16)  leads  to  the  relation  between  invariant  ZZ^^^  and 


flatness  factor  evaluated  at  the  wall  as  follows: 

f;'  2;  3  +  (22) 

Comparison  of  evaluated  data  presented  m  Figure  6  shows 
good  agreement  with  numerical  simulations  of  Kim,  Mom  and 
Moser  [9j  and  experiments  of  Kreplin  and  Eckelmann  [11  j. 

5  Conclusions  and  Final  Remarks 

In  this  paper  attempt  was  made  to  frrmulate  a  statistical  clo¬ 
sure  for  equations  that  define  higher  order  moments  Utilizing 
properties  of  truncated  cumulant  expansions,  as  an  approx¬ 
imation  for  probability  density  distributions,  an  alternative 
set  of  equations  for  moments  was  formulated  that  contains 
only  velocity  correlations.  The  resultant  set  of  equations  pro¬ 
vides  an  interesting  insight  into  the  behaviour  of  successive  or¬ 
der  moments  of  turbulent  velocity  fluctuations  across  a  shear 
layer.  Analysis  shows  that  the  point  of  maximum  intensity, 
zero  skewness  and  minimum  flatness  coincide  m  the  boundary 
layer 

From  statistical  considerations  of  the  derived  set  of  equa¬ 
tions  for  moments  invariants  are  deduced  that  interrelate  all 
even  number  moments  with  the  first  lower  odd  moment  The 
resultant  invariants  are  in  fact  conditions  for  a  closed  form 
model  for  probability  density  distributions  of  turbulent  ve¬ 
locity  fluctuations  The  reconstruction  of  the  entire  density 
distribution  from  moments  is  extremly  difficult  but  the  rela¬ 
tions  (19)-(21),  and  specially  the  invariant  do  resemble 
properties  of  inverse  Gaussian  and  hyperbolic  probability  den¬ 
sity  distributions  These  distribution  functions  play  a  central 
rote  in  contemporary  statistics  of  non-Gaussian  processes  (2). 
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Figure  2:  Verification  of  final  equations  for  mo¬ 
ments  j=2. 
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Figure  !;■  Verification  of  final  equations  for  mo¬ 
ments  j=l. 


Figure  3:  Interrelationship  between  skewness  and 
flatness  factors  for  strcainwisc  velocity  component. 


Figure  4-a:  Interrelationship  between  skewness 
aud  flatness  fectors  for  normal  velocity  compo¬ 
nent. 
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Figure  4-b:  Interrelationship  between  skewness 
and  flatness  factors  for  normal  velocity  component 
in  the  logarithmic  region  and  outer  part  of  bound¬ 
ary  layer. 
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Figure  5:  Interpretation  of  higher  order  moments 
in  turbulent  boundary  layers  in  the  form  of  statis¬ 
tical  triangle.. 
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Table  li'  Summary  of  collected  data  on  measure¬ 
ments  of  higher  order  moments  in  wall  shear  flows. 
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Abstract 

Direct  numcricaJ  simulations  of  turbulent  axial  flow  over 
cylinders  have  been  conducted  to  study  the  effects  of  trans¬ 
verse  curvature  Two  cases  with  Reynolds  number  Rt$  = 
U<»6lu  cs  3400  and  layer  thickness  to  cylinder  radius  ratios 
iS/a)  of  5  and  11  have  been  simulated.  Both  cases  are  in 
the  regime  of  large  6/a  and  small  =-  aur/u,  the  cylinder 
radius  in  wall  units  All  essential  turbulence  scales  were  re¬ 
solved  in  both  calculations  A  large  number  of  turbulence 
statistics  were  computed  The  results  are  compared  with 
the  plane  channel  results  of  Kim  et  al.  (1987)  and  with  ex¬ 
periments.  With  transverse  curvature  the  skin  faction  co¬ 
efficient  increase?  and  the  turbulence  statistics,  when  scaled 
with  wedl  units,  are  lower  than  in  the  plane  channel.  The 
momentum  equation  provides  a  scaling  that  collapses  the 
cylinder  statistics,  and  allows  the  results  to  be  interpreted 
in  light  of  the  plane  channel  flow.  The  azimuthal  and  radial 
length  scales  of  the  structu’‘es  in  the  flow  are  of  the  order  of 
the  cylinder  diameter.  Boomerang-shaped  structures  with 
large  spanwise  length  scales  have  been  observed  in  the  flow 

1.  Introduction 

The  importance  of  transverse  curvature  on  the  develop¬ 
ment  of  turbulent  boundary  layers  has  been  recognized  for 
many  years  However,  the  experimental  data  available  on 
transversely  curved  flows  is  limited,  in  part  because  of  the 
difficulties  in  performing  measurements  {e.g.,  Willmarth  et 
al  [1969,  1976],  Luxton  ei  al  [1984],  Lueptow  ef  al  [1985, 
1987])  Early  interest  in  transversely  curved  flows  arose 
from  the  need  to  predict  the  skin  friction  on  bodies  of  revo¬ 
lution  Recently,  the  need  to  calculate  the  drag  over  cylin¬ 
drical  bodies  of  very  small  diameter,  as  well  as  the  desire 
to  understand  the  acoustic  charactenstics  of  axisymmetric 
flows  that  develop  over  long  towed  bodies,  has  renewed  in¬ 
terest  in  these  flows.  Furthermore,  because  the  area  over 
which  turbulence  is  generated  restricts  the  number  of  wall 
sUulIuics  picseul,  flows  tue  iinporlant  for  the  undei- 

standmg  of  the  structural  mechanisms  of  wall  turbulence 

The  presence  of  a  second  length  scale  (the  cylinder  radius, 
a)  in  addition  to  the  boundary  layer  thickness  (^),  results 
m  a  two-dimensional  space  of  possible  flows  that  can  be 


paramctrn,ed  by  6/a  and  a+  A  comprehensive  review  of 
the  experimental  studies  of  this  flow  is  provided  by  Luep- 
tow  (1988).  For  the  flow  regime  studied  here  (large  b/a  and 
small  a*)y  experime.its  are  particularly  difficult  because  the 
long  and  thin  wires  used  make  aeroelastic  interactions  dif- 
flcult  to  isolate. 

Close  to  the  wall  the  total  stress  must  be  inversely  pro¬ 
portional  to  the  radial  coordinate  (Glauert  et  al  [1955]), 
which  leads  to  a  viscous  sublayer  velocity  profile  that  de¬ 
pends  on  the  cylinder  radius  (Rao  et  al  [1972])  Exper¬ 
iments,  however,  have  shown  the  viscous  sublayer  profiles 
to  be  independent  of  transverse  curvature.  It  has  also  been 
observed  that  when  both  6/a  and  a*  are  large  the  mean 
velocity  profiles  exhibit  a  logarithmic  region  with  a  slope 
that  decreases  with  increasing  6/a  (Lueptow  et  al  [1985]) 
But  if  6/a  is  large  and  a*  small,  there  is  no  longer  a  log¬ 
arithmic  region  (Luxton  et  al  [1984])  These  studies  have 
also  shown  that  transverse  curvature  acts  to  lower  the  tur¬ 
bulence  intensities  away  from  the  wall  (y’*'  >  20)  However,; 
close  to  the  wall  the  axial  intensity  was  found  to  be  larger 
than  m  the  fiat  plate  in  some  cases  (Lueptow  et  al  [1985]) 
Finally,  in  visual  studies  of  the  flow,  large  structures  (larger 
than  the  cylinder  diameter)  have  been  observed  to  sweep 
past  the  cylinder,,  which  should  have  a  profound  effect  on 
the  flow. 

To  study  the  effects  of  transverse  curvature  with  large  6 /a 
but  small  a^,,  we  simulated  a  model  of  the  axial  flow  over 
a  cylinder  has  been  simulated.  The  model  flow  is  described 
m  section  2.  The  velocity  field  statistics  and  the  scaling 
are  discussed  in  section  3.  In  section  4  we  examine  some 
of  the  structural  characteristics  of  the  flow.  Throughout 
the  paper,  r,  By  and  z  denote  the  radial  (normal  to  the 
wall),  azimuthal,  and  axial  directions,  respectively,  and  the 
normal  coordinate  is  y  =  r  —  a.  The  velocity  is  denoted  by 
(i;r,i;,,v,)  and  the  vorticity  is  denoted  by  (u;r,u»,,w*)  The 
friction  velocity  is  Ur  =  y/T^/py  and  the  Reynolds  number 
RCr  —  UrS/u. 

2.  The  Model  Problem 

The  boundary  layer  is  modelled  by  truncating  the  semi- 
inflnite  domain  in  the  radial  direction  at  r  =  a  -f  thus 
r  €  [a,  a-f-5).  The  flow  is  driven  by  a  mild  pressure  gradient 
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Figure  1  Mean-velocity  profiles: - plane  channel, 

cylinders  with - -6/a  =  5  and  —  --  6/a  =  11,  pla¬ 

nar  law  of  the  wall  (t»*  =  y*,  u*  ss  2  5iny*  +  5  5),  cylinder 
law  of  the  wall  {u*  =  a^/n{l  4-  - a+  —  21 

and  ’«  fitlly  develooed  On  the  surface  of  the  cylinder  no 
slip  boundary  conditions  arc  imposed.  At  the  outer  edge  of 
the  domain  we  require  Ur|faa+«  and  the  surface  shear  stress 
(5(v,/r) /dr|r««-n,  ^»/dr|r-4+<)  to  be  zero  The  incom¬ 
pressibility  constraint  at  the  wall  and  the  pressure  field 
boundary  conditions  are  enforced  as  in  Kleiser  et  ai  (1981) 
Fourier  expansions  are  used  in  the  axial  direction,  which  is 
nomogeneous,  and  in  the  azimuthal  direction,  which  is  peri¬ 
odic  Chebyshev  expansions  arc  used  m  the  radial  direction 
Since  large  velocity  gradients  are  not  expected  at  the  outer 
edge  of  the  domain  we  use  a  radial  coordinate  mapping, 
which  concentrates  the  grid  resolution  at  the  cylinder  sur¬ 
face  at  the  e^ense  of  the  resolution  at  the  outer  edge  of 
the  domain. 

Two  cases  with  6/a  =  5  and  6/a  =  11  were  computed. 
The  number  of  modes  in  (r,^,r)  was  (96,64,192)  for  the 
S/a  =  5  simulation  and  (06,128,320)  for  the  6/a  =  11  sim¬ 
ulation  Table  1 .  sumineuizes  the  numerical  parameters  for 
the  two  simulations,  where  L,*  is  the  length  of  the  computa¬ 
tional  domain,  =  2ira^  is  the  perimeter  of  the  cylinder, 
is  the  grid  resolution  in  the  axial  direction,  and  and 
Af^  are  the  the  grid  resolutions  in  the  azimuthal  direction 
at  the  wall  and  at  the  outer  edge  of  the  layer,  respectively 

3.  Turbulence  Statiatics 

The  statistics  presented  in  this  section  were  collected  after 
the  flow  had  reached  a  statistically  steady  state.  They  were 
obtained  by  averaging  over  the  domain  in  $  and  z  and  in 
time  from  data  covering  3  6/ur  units. 

S  1  Mean  Velocity 

In  transversely  curved  flow  the  added  length  scale  pro¬ 
vided  by  the  radius  of  curvature  gives  rise  to  three  possible 
flu*  regimes  If  S/a  is  small,  the  effects  of  curvatiir<»  are 
insignificant  and  the  fiow  is  like  the  fiat  plate  fiow  If  6/a 
and  a*  are  large,  the  transverse  curvature  affects  only  the 
outer  part  of  the  boundary  layer.  If  6/a  is  large  but  a'*'  is 
small,  then  the  inner  part  of  the  boundary  layer  is  also  be 
affected  by  the  wall  curvature. 


Table  2  Mean  fiow  parameters 


For  a  boundary  layer  oNcr  a  cylinder,  dynamical  equilib¬ 
rium  n^'ar  the  wall  (ary.  =  rr)  leads  to  the  ncar-wall  velocity 
profile  u*  —  a'*'/n{l  -f  y*/a*)  (Hao  ft  al  [1972])  This  is 
a  good  approximation  for  the  simulated  velocity  profiles  for 
<  10  (Figure  1)  Up  to  second  order  in  y*",-  the  pro¬ 
file  is  u"^  =  /2a*  Thu.s,  the  curvature  effects  can 

only  be  significant  near  the  wall  if  a*  is  sufficiently  small 
In  paiticular,.  to  attain  a  10%  departure  from  the  planar 
result  at  y*  =  10,  a‘*‘  <  60  is  required.  In  the  current 
simulations  <  43,  which  results  in  the  departure  'rom 
the  plane  channel  shown  m  Figure  1  In  many  experirients 
(cy,  Willmarth  cl  al  [1969],  Rao  ct  o/  [1972],  Luepiow 
et  al  [1987])  there  is  no  perceptible  effect  of  curvature  m 
the  velocity  profile  in  the  viscous  region  because  o*  is  too 
large  (e  ,  a+  w  140  and  S/a  ss  7  in  Lueptow  el  al  [1987]} 
In  some  of  the  experiments  by  Luxton  et  al  (1984), 
values  close  to  those  of  the  simulations  were  used  (Table 
2)  Similar  to  what  is  shown  m  Figure  1,  a  degeneration 
of  the  log-law  was  observed  However,  their  viscous  region 
velocity  profiles  follow  the  planar  case  profile,  n*  ^y*. 

Several  mean  fiow  parameters  are  reported  in  Table  2  for 
the  curved  cases  as  well  a.  the  plane  channel  {S/a  =  0, 
Kim  et  al  |1987)).  Because  the  Reynolds  numbers  (Her)  of 
the  three  simulations  are  similar,  the  differences  can  be  at¬ 
tributed  to  the  effects  of  transverse  curvature.  In  agreement 
with  experimental  observations  (c  g  ,  Luxton  e<  al.  [1984]), 
the  skin  friction  coefficient  is  larger  than  in  the  plane  case. 
However,  in  our  simulations  this  effect  is  larger  than  ob¬ 
served  experimentally.  The  difference  may  be  because  in 
experiments  Rcg  is  much  higher  {e.g.,  m  Lueptow  et  al 
;i987],/I«.  %4xl0’). 

S  2  Tarhalence  Intensities  and  Reynolds  Shear  Stress 

The  turbulence  intensities  normalized  with  iir  are  shown 
in  Figure  2  As  expected,  the  streamwise  component  is 
the  most  energetic  component  and  has  a  peak  which  moves 
slightly  towards  the  wall  with  increasing  curvature.  The 
smaller  turbulent  kinet:c  energy  content  of  the  curved  flows 
IS  to  be  expected  since  there  is  a  smaller  surface  area  over 
which  vorticity  fluctuations  can  be  generated.  However,  the 
total  production  and  total  dissipation  of  turbulent  kinetic 
energy  per  unit  surface  area  for  the  three  flows  are  similar 
Thus  the  cylinder  surface  is  not  less  efficient  as  a  source  of 
turbulent  kinetic  energy;  rather  it  has  to  supply  a  larger  vol¬ 
ume.  The  decrease  of  turbulence  intensities  with  increasing 
6/a  is  in  agreement  with  several  experiments  (Lueptow  ei 
al  [1985, 1987]  and  Luxton  et  al.  [1984]).  In  particular,  for 
comparable  a*  (Luxton  et  al.  [1984]},  the  maximum  value 
of  \/v\/U^  «  U.lb  agrees  well  with  experimenU.  However, 
for  larger  (Lueptow  ei  al.  [1987])  the  maximum  value 
of  y/^JUr  is  higher  than  in  the  flat  plate,  contrary  to  the 
current  results. 

For  the  axial  flow  over  a  cylinder,  the  stress  equilibrium 
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Figure  2  Root-mean-square  velocity  fluctuations  nor¬ 
malized  by  Ur’,  (o)  Axial  intensity,  (6)  Normal  intensity,  (c) 
Azimuthal  intensity;,  — —  plane  channel;  cylinders  with 
- 6/a  =  5  and - -  6/a  =  11 


Figure  3  Total  stress  and  Reynolds  shear  stress  nor¬ 
malized  by  Total  stress.  —  plane  channel,  cylinders 

with - 6/a  =  5  and - 6/a  =  11  Reynolds  shear 

stress,  cylinders  with  6/a  =  5  and - 6/a  =  11. 
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Figure  4  Reynolds  shear  stress  normalized  by  Ur  cylin¬ 
ders  with - 6/a  =  5  and - 6/a  -=  11; - plane 

chiuinel 

18  given  by  the  equation 


when  scaled  in  wall  variables  The  total  stress  and  the 
Reynolds  shear  stress  for  the  two  simulations,  as  well  aa  the 
equilibrium  stress  for  a  plane  channel,  are  shown  in  Figure 
3  Transverse  curvature  effects  on  the  equilibrium  stress  are 
clearly  evident. 

As  Figure  4  shows,  the  Reynolds  shear  stress  is  strongly 
reduced  by  curvature  The  location  of  the  maximum  of 
the  Reynolds  shear  stress  profile  is  a  function  of  6/a  and 
moves  towards  the  wall  with  increasing  6/a  This  trend, 
however,  does  not  affect  the  position  of  the  maximum  of 
the  production  {-T/v^dv^/dy)  of  turbulent  kinetic  energy 
located  at  y*  a  12 


S  S  The  5co/my 

The  niomentuin  balance  m  the  axial  direction  expressed 
in  equation  (1)  shows  that,  with  transverse  curvature,  the 
total  stress  (r)  depends  on  the  curvature  parameter  {6/q). 

Comparing  this  expression  with  the  corresponding  one 
for  the  plane  channel.  =  1  -  y/6,  suggests  a  new  velocity 
scale  u  =5  Ur/ \/F {y/6,6/a),  where 


Note  that  F  is  a  function  of  the  parameter  a/6  as  well  as 
the  distance  from  the  wall  Also,  m  the  flat  plate  limit, > 
6/a  0  ^  F{y /6,6/a)  -+  I,  the  planar  result  (u  =  Ur)  is 

recovered 

The  axial  turbulent  intensity  and  Reynolds  shear  stress 
scaled  by  u  are  shown  m  Figure  5  The  turbulent  intensi¬ 
ties  and  Reynolds  shear  stress  collapse  very  well  with  this 
scaling  However,  the  maximum  of  the  production  of  tur¬ 
bulent  kinetic  energy  (Figure  6a)  is  not  well  scaled  Also, 
dose  to  the  wall  (y^  <  20),  the  scaled  dissipation  of  tur¬ 
bulent  kinetic  energy  (Figure  66)  decreases  with  increasing 
curvature. 


Flow  Structures 

The  streamwise  (v^)  radial  (x/c^)  vorticity  inten- 
siti^  are  shown  in  Figure  7.  The  minimum  in  \/Sf  occurs 
at  the  same  location  as  in  the  plane  channel  and  the  lo¬ 
cal  maximum  becomes  progressively  weaker  with  increasing 
curvature.  According  to  the  interpretation  of  Kim  ei  ai 
(1987),  the  attenuation  of  the  local  maximum  of  y/^  sug¬ 
gests  that  the  curvature  weakens  the  strength  of  the  near 
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Figure  5  Axial  turbulence  intensity  (a)  and  Reynolds 
shear  stress  (6)  normalized  by  u  cylinders  vi  ith  ~  ^/o  = 
5  and ----  6/a  =  11,  --—plane  channel 


Figure  7  Axial  (aj  and  normal  (6)  vorticity  intensities 
normalized  by  Uf  and  t/  —  —  plane  cliaimel;  cylinders  with 
— —  S/a  s:  5  and  — --  6 fa  =  11 


Figure  6.  Production  (a)  and  dissipation  (6)  of  turbu¬ 
lent  kinetic  energy  normalized  by  u  and  u:  cylinders  with 
- 6/a  =  5  and - 6/a  =  11;  — —  plane  channel 

wall  streiimwise  vortices.  In  agreement  with  this  \/wf  has 
a  maximum  of  decreasing  magnitude  slightly  closer  to  the 
wall  than  m  the  plane  channel. 

The  cylindrical  geometry  imposes  a  surface  area  limita¬ 
tion  on  the  existence  of  the  streamwise  streaks,  which  are 


Figure  8.  Contours  of  azimuthal  vorticity  fluctuations 
(wj),  normalized  by  Ur  and  Uy  on  a  cylindrical  surface  at 
y*  =»  5  (a)  6/a  =  5  (half  of  the  computational  domain); 
(6j  6/a  =  11  (third  of  the  computational  domain)  The 
contour  increment  is  0.09  u*/t/  and  the  positive  contours, 
which  correspond  to  the  low  speed  streaks,  arc  dotted  The 
cylindrical  surface  is  unwrapped. 

observed  to  have  a  constant  mean  spacing  (about  90-100 
wall  units)  in  the  three  simulations  In  the  6/a  =  11  case, 
less  than  two  mean  streak  periods  fit  around  the  cylinder 
perimeter  (137  wall  units)  This  restriction  is  evident  in  the 
contours  of  u}\  at  y*  ss  5,  shown  m  Figure  8  At  this  loca¬ 
tion  wj  Ci  -dv^/dvy  so  the  regions  of  positive  wj  correspond 
to  the  low  speed  streaks 

Contours  of  u;J  on  a  surface  parallel  to  the  cylinder  at 
cr  10  are  shown  in  Figure  9.  The  boomerang-shaped 
structures  evident  in  the  figure  are  the  outer  part  of  shear 
layers  that  lift  off  from  the  cylinder  They  occur  only  when 
y/6  <  0.2  and  have  large  spanwise  length  scales  (Figure  10), 
embracing  as  much  as  180®  around  the  cylinder  The  en¬ 
hanced  coherence  of  the  flow  relative  to  the  plane  charnel 
flow  is  also  evident  from  azimuthal  views  of  w'  (Figure  11), 
which  also  show  fewer  large  sctiie  structures  as  the  trans¬ 
verse  curvature  iiiucases. 

$.  Conclusions 

Two  direct  numerical  simulations  of  turbulent  flow  over  a 
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Figurk  9  Contours  of  azimuthal  vorticity  fluctuations 
normalized  by  Ur  and  i/,  on  a  cylindrical  surface  at 
y*  S3  10;  (a)  ftja  »  5  (half  of  the  computational  domain), 
(ft)  6/a  =  11  (third  of  the  computational  domain)  The 
contour  increment  is  0  08  Uf/t'  and  the  positive  contours 
are  dotted  The  cylindrical  surface  is  unwrapped. 


(h) 


Figure  10  Contours  of  azimuthal  vorticity  fluctuations 
(wi),  normalized  by  «t  and  i/,  on  an  axial  plane-  (a)  6 fa  = 
5,  (6)  6((x  =  11  The  contour  increment  is  0  08  n\lv  and 
the  positive  contours  are  dotted 

wire  were  conducted  to  investigate  the  effects  of  transverse 
curvature  on  turbulent  boundary  layers.  The  curvature  pa¬ 
rameters  were  bja  =  5  (a‘‘‘  =  43)  and  Sja  =  11  (<!■*■  =  21) 
Curvature  affects  the  mean  velocity  profile  in  the  viscous 
region  as  predicted  from  the  near  wall  dynamical  equilib¬ 
rium,  QTu.  =  rr  A  deteriorated  losaiithmic-likc  layer  with 
mild  negative  curvature  was  observed  in  experiments  as  well 
as  in  the  simulations. 

In  agreement  with  experimental  observations,  the  general 
effect  of  curvature  is  to  decrease  the  levels  of  turbulence 
intensities.  Close  to  the  wall,  turbulence  statistics  behave 
qualitatively  like  those  of  the  plane  channel  This  similarity 
suggests  that  the  mechanisms  of  turbulence  generation  in 
the  cylinder  are  the  same  as  in  the  plane  channel 
A  velocity  scale,  which  reflects  the  effects  of  transverse 
curvature  in  the  flow,  was  derived  from  the  streamwise  mo¬ 
mentum  equation.  With  this  scaling  the  Turbulence  inten- 
1  sities  and  the  Reynolds  shear  stress  collapse  throughout  the 


Figure  ll  Contours  of  axial  vorticity  fluctuations  (tv', ), 
normalized  by  Ur  and  v,  on  an  axial  plane  (o)  6 /a  =  5, 
(6)  6/a  =  11  The  contour  increment  is  0.03  m\/u  and  the 
positive  contours  are  dotted. 

layer  Away  from  the  wall  (!/■*■  >  20),  the  production  of 
turbulent  kinetic  energy  collapses  very  well,  however,  its 
maximum  close  to  the  wall  {y*  12)  does  not  collapse 

The  dissipation  of  turbulent  kinetic  energy  docs  not  col¬ 
lapse  close  to  the  wall  {y*  <  20),  the  range  over  which  the 
viscous  diffusion  is  also  important.  Thus,  close  to  the  wall 
the  effects  of  curvature  are  not  accounted  for  by  the  scaling 
alone 

Th?  streaks  have  a  spanwise  spacing  similar  to  that  of  the 
plane  boundary  layers  As  the  curvature  increases,  the  near¬ 
wall  streamwisc  vortices  are  weakened  and  the  number  of 
large  scale  structures  is  reduced  Large,  boomerang-shaped 
islands  of  with  large  spanwise  length  scale  were  observed 
around  the  cylinder  surface  These  ore  several  indications 
that  the  transver.'»ely  curved  flow  is  more  organized  than  its 
planar  counterpart 
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Abstract 

Turbulent  plane  Couette  flow  was  numerically  simulated 
at  a  Reynolds  number  {V^hju)  of  6000,  where  Vy,  is  the  rel¬ 
ative  wall  speed  and  h  is  half  the  channel-height  Unlike  m 
Poiseuille  flow,  where  the  mean  shear  rate  changes  its  sign  at 
the  centerline,  the  sign  of  mean  shear  rate  in  plane  Couette 
flow  remains  the  same  across  the  whole  channel.  This  differ¬ 
ence  IS  expected  to  yield  several  differences  between  the  two 
flows,  especially  in  the  core  region  The  most  signifleant  and 
dramatic  difference  observed  m  the  present  work  was  the  ex¬ 
istence  of  large-scale  structures  in  the  core  region  of  the  plane 
Couette  flow  The  large  eddies  arc  extremely  long  in  the  flow 
direction  and  fill  the  entire  channel  (i.e.  their  vertical  extent  is 
2h)  The  large-scale  structures  have  the  largest  contribution 
from  the  wavenumber  {ksh,kth)  =  (0,  ±1.5),  corresponding 
to  a  wavelength  A, /A  ts  4.  The  secondary  motion  associated 
with  the  kfh^O  mode  consists  of  the  large-scale  vortices  The 
large  eddies  contribute  about  30%  of  turbulent  kinetic  energy. 

1.  Introduction 

Plane  Couette  flow  is  a  paradigm  of  shear  flows  because 
of  its  simple  flow  geometry  and  fundamental  fluid-mochaniciU 
characteristics.  A  fully-developed  plane  Couette  flow  has  a 
constant  shear  stress,  r  =  pdUfdy  -  pltV  (equal  to  its  value 
at  the  walls,  =  fidU/dy\y,),  across  the  entire  channel, 
-1  <  y/h  <  1,  be  it  laminar  or  turbulent.  This  prominent 
property  results  directly  from  the  zero  mean  pressure  gradient 
in  the  flow  as  it  is  driven  by  shear  generated  at  two  plane, 
solid  boundaries  that  are  in  rectilinear,  parallel  movement  (at 
speed  Uw)  relative  to  each  other  (see  Figure  1). 


Figure  1  Schematic  of  the  flow  geometry  of  plane 
Couette  flow*  ,  mean  velocity  profile  in  a  turbulent 
flow;  ,  linear  velocity  profile  in  a  laminar  flow. 


Another  interesting  characteristic  of  the  flow  is  that  both 
the  mean  vorticity  (or  mean  shear  rate,  S  =  dUjdy)  and  tur¬ 
bulent  shear  stress  (-pHl')  are  symmetric  about  the  center 
plane  {y/h  =  0),  yielding  a  finite  production  rate  (-p^OT)  of 
turbulent  kinetic  energy  even  m  the  core  region  (say,  0.2-0  5 
<  yx/k  <  If  where  yx  is  the  distance  normal  to  a  nearest 
boundary)  As  a  consequence,  the  profiles  of  turbulence  inten¬ 
sities  (u^,  v^,  u^)  differ  significantly  among  the  three  compo¬ 
nents  (see  £1  Telbany  It.  Reynolds  1982),  indicative  of  a  high 
degree  of  anisotropy  in  the  flow.  We  hypothesize  here  that  the 
structures  of  turbulence  (both  statistical  and  instantaneous)  in 
the  core  region  of  plane  Couette  flow  would  be  quite  different 
from  those  of  Poiseuille  flow,  which  is  driven  by  the  pressure 
gradient.  This  issue  has  not  been  addressed  before.  In  the 
vicinity  of  the  walls,  say  yx/h  <  0.1-0  2,  however,  structures 
of  turbulence  in  the  two  flows  are  expected  to  be  similar,  since 
the  near-wall  dynamics  of  a  turbulent  shear  flow  is  primarily 
controlled  by  a  mechanism  universally  represented  by  the  ‘law 
of  the  wall.*  Identification  and  characterization  of  the  possible 
new  structures  m  turbulent  plane  Couette  flow  is  one  of  the 
central  questions  addressed  in  this  study.  It  is  our  goal  to  un- 
der.'^tand  the  mechanism  by  which  the  shear  arising  from  the 
boundary  movement  produces  turbulence  structures  different 
from  those  generated  in  a  pressure-driven  flow 

Despite  its  apparent  importance  as  a  paradigm  of  shear 
flows,  turbulent  plane  Couette  flow  has  been  very  difficult  to 
realize  in  a  laboratory,  and  therefore  it  has  not  been  studied 
extensively.  In  previous  experiments  (Reichardt  1956,  1959, 
Robertson  1959;  Robertson  &  Johnson  1970,  Leutheusser  & 
Chu  1971,  El  Telbany  ic  Reynolds  1980,  1981),  the  length  of 
the  shearing  boundary  realized  by  employing  either  a  (flex¬ 
ible)  moving  belt  or  a  fluid  interface  had  to  be  made  short 
{L^/k  =  10-80)  since  in  most  cases  it  is  prone  to  deform  at 
high  speeds  (or  at  high  Reynolds  numbers).  Because  of  the 
difficulties  arising  from  the  moving  boundaries,  only  the  pro¬ 
files  of  mean  velocity,  turbulent  intensities  and  turbulent  shear 
stress  were  obtained  in  most  experiments,  and  measurements 
of  higher-order  turbulence  statistics,  if  any,  were  limited  to 
the  streamwise  direction  or  to  the  time  domain  (Robertson 
k  Johnson  1970;  Aydin  k  Leutheusser  1979,  1989).  Direct 
numerical  simulation  approach  taken  in  this  work  is  ideally 
suited  to  study  structures  of  turbulence  in  plane  Couette  flow 
without  having  such  problems 

In  this  paper,  we  report  the  existence  of  the  large-scale  ed¬ 
dies  in  a  numerically-simulated  turbulent  plane  Couette  flow 
Some  details  of  the  kmematical  characteristics  of  the  kinemat- 
tcal  characteristics  of  the  large-scale  structures  are  presented. 
Both  the  instantaneous  and  statistical  structures  of  turbulence 
in  the  flow  are  compared  with  those  in  plane  Poiseuille  flow 
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2.  Numerical  methods 

A  brief  description  of  the  numerical  methods  cnipIo)ed  ui 
the  present  work  is  presented  here  The  three-dimensional, 
unsteady  Navier-Stokes  equations  were  solved  numerically  for 
plane  Couette  flew  at  a  Reynolds  number  (Re  =  Uffhjv)  of 
6000;  the  Reynolds  number  Rcr  *=  Vrhfu  based  on  the  wall- 
shear  velocity  Vt  ~  dV I dy\y,)^l'^  is  about  170  The  particu¬ 
lar  choice  of  Rcr  was  made  so  as  to  compare  with  the  compu¬ 
tation  of  plane  Poiscuille  flow  by  Kim,  Mom  &  Moser  (1987) 
conducted  at  a  comparable  Reynolds  number  Re^  =  180.  Note 
that  the  chosen  value  of  the  flow  Reynolds  number,  Re,  is 
higher  than  the  reported  critical  Reynolds  number,  1000 

The  simulation  reported  in  the  present  paper  was  ear¬ 
ned  out  by  using  a  pseudo-spectral  method  with  Founer  and 
Chebyshev  polynomial  expansions  in  the  horizontal  (r,  z)  and 
vertical  {y)  directions,  respectively.  The  spectral  expansion 
of  the  mam  computation  reported  here  had  128  x  i29  x  192 
(3170304)  modes  in  (a:,y,  z)  In  order  to  eliminate  alias  er¬ 
rors,  the  ^-rule  was  employed  m  the  horizontal  directions, 
the  j-rulc  was  not  employed  in  the  vertical  direction  because 
of  the  incompatibility  with  the  no-slip  boundary  codition  at 
the  wall.  The  resulting  number  of  the  collocation  points  was 
192  X  129  X  288  (7133184)  in  (z,s/,  z).  No-slip  condition 
was  used  at  the  walls,  and  periodic  boundary  conditions  were 
used  in  the  horizontal  directions  The  domain  of  the  mam 
computation  has  the  streamwise  and  spanwise  dimensions  of 
{Bt,  B,)lh  SB  (4t,  Many  other  computations  with  differ¬ 
ent  sizes  of  the  computational  domain  were  also  carried  out 
to  ensure  that  the  present  choice  of  the  domain  size  was  the 
optimum  choice  (for  details  of  this  aspect,  see  §3) 

The  time  advancement  was  made  through  a  low-storage, 
third-  Tder  Runge  Kutta  method  for  the  nonlinear  terms  and 
the  second-order  Crank-Nicolson  scheme  for  the  viscous  terms 
The  initial  field  consisted  of  flnite-ampbtude  random  distur¬ 
bances  (about  10%  of  C/w)  m  all  components  of  velocity  with 
the  linear  mean  profile,  U/U^  =  J(v/^+l)-  Subsequent  devel¬ 
opment  of  the  basic  statistics  such  as  the  mean  velocity  pro¬ 
file,  turbulent  kinetic  energy  and  turbulent  shear  stress  was 
monitored  in  order  to  determine  whether  the  flow  reached  a 
statistical-steady  state.  The  initial  computation  was  started 
with  a  coarse  resolution  (32  x  65  x  48  modes),  and  when  the 
flow  reached  a  statistical-steewly  state  the  number  of  modes 
was  successively  increased  The  final  statistics  were  compiled 
after  the  flow  reached  the  statistical-steady  state  with  the  final 
resolution,  128  X  129  x  192  modes. 

3.  The  large-scale  structures 

In  this  section,  the  existence  of  large-scale  eddies  in  the 
core  region  of  plane  Couette  flow  is  reported.  Figure  2  shows 
contours  of  the  instantaneous  streamwise  velocity  (u)  at  the 
center  plane  [y/h  =  0).  There  are  two  pairs  of  high-  and 
low-speed  irgions  (denoted  by  solid  and  dashed  lines  m  the 
figure)  that  are  highly  elongated  in  the  flow  direction  and  al¬ 
ternating  ir>  the  spanwise  direction  Note  that  the  eddies  are 
almost  uniform  in  the  flow  direction  (i  e.  the  eddies  do  not 
meander  sideways  much)  The  spanwise  size  of  each  region 
as  determined  from  inspection  of  the  c'luntours  is  about  the 
channel-height  (2h).  In  plane  Poiseuille  flow  where  the  mean 
shear  rate  changes  sign  at  the  center  plane,  there  are  no  such 
organized  structures  of  turbulence  in  the  core  region  The 
spanwise  (one-dimensional)  energy  spectrum,  0u»('txh),  of  the 
streamwise  velocity  (not  shown  here)  has  a  distinctive  peak  at 


kth  —  1  5,  which  corresponds  to  a  wavelength  A*//i  ~  4,  con¬ 
sistent  with  the  instantaneous  contours  shown  in  Figure  2 

The  topological  configuration  of  these  structures  may  ap¬ 
pear  to  be  similar  to  that  of  the  near-wall  ‘streaks’  However., 
the  lengthscalcs ,  Aj  and  A,,  of  these  structures  in  the  core 
region  are  much  larger  than  those,  A,  and  A,,  of  the  streaks 
m  the  sublayer  A+  ~  5000-7000,  A+  2-  900,  Aj^  2;  1000 
and  Aj  c*'  100,  where  the  superscript  -I-  denotes  a  length- 
scale  made  dimensionless  by  the  viscous  scale  (y  vjVr  and 
the  subscripts  £  and  z  denote  the  streamwise  and  spanwise 
directions,  lespectivel '.  The  wide  difference  in  lengthscales 
'.uggests  that  the  generating  mechanism  of  these  large-scale 
structures  is  different  from  that  repsonsible  for  generating  the 
wall- layer  streaks 

A  direct  numerical  simulation  of  a  turbulent  flow  is  mean¬ 
ingful  only  when  the  essential  scales  (both  large  and  small) 
in  the  flow  under  consideration  are  properly  represented  by 
the  computation  We  have  carried  out  many  other  compu¬ 
tations  with  different  sizes  of  the  computational  domain  to 
make  sure  that  the  existence  of  the  large-scale  eddies  such  as 
those  m  Figure  2  is  not  an  artifact  of  the  limited  streamwise 
extent,  of  the  computational  domain.  It  was  a  pleasant 
surprise  to  find  that  the  large-scale  structures  still  persist  and 
are  elongated  in  the  flow  direction  to  fill  the  computational 
domain  with  the  alternating  variation  in  the  spanwise  direc¬ 
tion  even  when  the  streamwise  dimension  was  extended  up  to 
Bxjh  ss  1024jr’  (Of  course,  m  this  case  the  ‘small’  scales  were 
not  properly  resolved.)  It  was  concluded  that  the  presence 
of  the  veryAarge>scak  eddies  is  a  true  characteristic  peculiar 
to  plane  Couette  flow  Therefore,  it  is  obvious  that  a  com¬ 
putation  with  a  manageable  number  of  modes  ^typically  of 
the  order  of  100  in  each  direction)  cannot  represent  both  the 
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Figure  2  Contours  of  the  instantaneous  streamwise 
velocity  (u)  at  the  center  plane  [yjk  =  0)  of  plane  Cou- 

ettc  flow;  - ,  u  >  0; - ,  w  <  0  Each  tick  mark 

denotes  the  location  of  a  grid  point  on  the  computa¬ 
tional  domain  (.5„B,)/5  =  (47r,  |7r) 

largest  eddies  (of  the  order  certainly  greater  than  10005)  and 
the  smallest  dissipating  eddies  (of  the  order  of  5/Rer,  which  is 
about  0  0055  in  our  case)  simultaneously;  the  ratio  of  the  two 
scales  is  as  high  as  200000.  We  do  not  really  have  to  include 
the  largest  scales  in  the  computation,  however,  as  long  as  the 
large-scale  eddies  contained  in  the  computation  are  properly 
treated  and  the  omitted  larger  scales  do  not  affect  the  flow 
dynamics  significantly  On  the  other  hand,  we  must  repre<wnt 
the  finite,  large  scales  in  the  wall  layer  (the  sublayer  streaks) 
whose  lengthscale  is  Aj  sr  1000,  and  they  play  the  dominant 
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Figure  3  Contours  of  the  instantaneous  streamwise 
velocity  (u)  on  a  j/r-plane  (an  end  view)  of  plane  Cou- 

ette  flow  - ,  u  >  0, - ,  u  <  0  Each  tick  mark 

denotes  the  location  of  a  grid  point  on  the  computa¬ 
tional  domain  (S,,  B,)/h  =  (2,  jir), 

role  in  the  dynamics  of  the  flow  Hence  the  present  choice  of 
Bi/h  =  4jr  IS  appropriate  The  spanwise  extent  =  |)r  of 
the  present  computation  was  determined  so  as  to  contain  two 
pairs  of  the  large-scale  eddies  Note  that  the  size  of  the  eddies 
IS  not  known  a  prtort  and  the  present  choice  of  B,/h  was  made 
by  examining  flow  fields  computed  with  much  larger  domain 
in  the  spanwise  direction 

To  examine  t  e  vertical  extent  of  the  eddy  structures,  con¬ 
tours  of  instantaneous  u  are  drawn  on  a  ys- plane  (an  end  view) 
in  Figure  3  The  figure  shows  that  the  eddies  arc  as  tall  as  the 
whole  channel  height,  2A,  and  hence  the  aspect  ratio  of  the 
large  eddies  is  close  to  unity  In  the  wall  region,  however, 
the  presence  of  eddies  of  much  smaller  lengthscales  is  evident. 
These  small  wall-region  eddies  are  identical  to  those  found  in 
the  wall  region  of  a  plane  Poiseuille  flow  (cf.  Kira  et  at.  1987) 
The  two-dimensional  energy  spectrum,  ^{kth,  k,h)  =  jup, 
at  y/A  =  0  (Figure  4)  shows  that  the  energy  density  has  two 
distinctive  peaks  at  {k„k,)h  =  (0,±1.5);  their  magnitude  is 
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Figure  4.  Distribution  of  the  two-dimensional  energy 
spectrum  *(A,A,  k,h)  =  |ap  at  the  center  plane  (y/A  = 

0)  of  plane  Couette  Cow,  showing  that  the  energy  den¬ 
sity  has  two  distinctive  peaks  at  (k,,k,)h  =  {0,±1.5). 
Note  that  the  magnitude  of  the  peaks  is  about  seven 
times  larger  than  the  next  largest  contribution. 

about  seven  times  the  next  largest  contribution.  This  domi¬ 
nant  contribution  of  the  (A,,A,)A  =  (0,±1  5)  mode  persists 
even  close  to  the  walls  (the  ratio  is  about  three  at  yjh  = 
0  001),  indicating  that  the  l-arge  eddies  have  a  significant  ef¬ 
fect  across  the  whole  channel. 

To  further  investigate  the  characteristics  associated  with 
the  large  eddies,  we  decompose  the  flow  field  as  v  =  U-f  v-f  v*. 
where  the  field  V  =  (u,v,u>)is  obtained  by  averaging  overfand 
X  and  subtracting  the  mean  value,  U,  averaged  over  I,  x  and 
X,  and  V  denotes  the  residual  field  The  v  field  represents  the 


eddy  motion  independent  of  time  and  the  streamwise  direction 
(i  e.,  time-averaged  kx  =  0  mode),  and  hence  it  may  be  called 
the  large-eddy  motion. 

Contours  of  5  in  the  yx-plane  (perpendicular  to  the  mean 
flow)  are  shown  in  Figure  5(a)  The  lengthscales  associated 
with  these  large  eddies  arc  now  more  apparent;  statistical  cor¬ 
relations  associated  with  these  eddies  will  be  discussed  in  the 
next  section.  Note  that  the  small-scale  eddies  that  are  quite 
strong  in  the  instantaneous  field  (see  Figure  3)  are  not  present 
m  the  time-averaged  kx  =  0  mode  any  more. 

In  Figure  5(6),  the  velocity  vectors,  (5,ui),  projected  on 
the  yx-plane  (an  end  view)  show  that  there  exists  a  secondarj 
motion  in  the  core  part  of  the  channel  and  that  the  secondary 
flow  consists  of  large-scale  vortices  that  fill  the  entire  chan¬ 
nel  (For  visual  clarity,  every  fourth  data  points  in  the  both 
directions  were  selected  for  the  vector  plot )  Because  of  the 
large  Icngthscaie  of  the  secondary  motion,  the  magnitude  of  its 
streamwise  vorticity  in  the  core  region  is  only  a  few  percent  of 
the  shear  rate  at  tiie  wall. 

In  order  to  compare  the  magnitude  between  the  velocity 
components,  the  profiles  of  velocities  are  shown  in  Figure  6 
as  a  function  of  the  spanwise  distance  at  various  selected  ver¬ 
tical  locations  Figure  6(a)  shows  how  smooth  the  variation 
of  the  streamwise  component  is  with  the  spanwise  distance 
The  wavy  profile  dominates  the  whole  channel  except  near  the 
walls,  and  the  amplitude  of  the  predominant  wave  is  as  large 
as  about  10%  of  the  relative  wall  speed,  Uw  The  waviness  of 
the  vertical  component  in  Figure  6(6),  however,  is  confined  in 
the  cote  region  only,  and  there  is  a  rapid  attenuation  when  the 
walls  ate  approached.  The  maximum  amplitude  of  the  vertical 
component  is  about  1  5%  of  The  high  correlation  (180® 
out  of  phase)  between  the  streamwise  and  vertical  components 
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Figure  5  Velocity  field  of  the  time-averaged  kx  —  0 
mode  (or  the  large-eddy  field)  in  plane  Couette  flow 
(a)  contours  of  ti  in  the  yx-plane  (perpendicular  to  the 
mean  flow),  where - ,  5  >  0, - ,  5  <  0,  (6)  veloc¬ 

ity  vectors,  (v,  i5),  projected  on  the  yx-plane. 


m  the  core  region  gives  rise  to  a  substantial  contribution  to  the 
Reynolds  stress,  — pflU,  from  the  large-eddy  motion  (see  §4) 
The  profiles  of  the  spanwise  velocity  in  Figure  6(c)  shows  that 
the  spanwise  component  is  almost  antisymmetric  about  the 
center  plane,  y/A  =  0  (cf  Figure  56),  and  that  the  variation  is 
quite  strong  even  near  the  walls  The  luaxinmiji  amplitude  of 
the  spanwise  component  is  about  2%  of  (/„.  Comparison  with 
the  profiles  of  the  other  components  reveals  that  the  spanwise 
component  is  90®  out  of  phase  with  the  others,  leading  to  the 
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secondary  flow  of  roll-cell  type  shown  in  Figure  5(6)' 


z/h 


Figure  6  Profiles  of  the  velocity  components  of  the 
liiiie-averagf '  ;x  =  0  mode  as  a  function  of  the  span- 
wise  distance  at  various  vertical  locations  (a)  u(zfk,ylh)\ 

(6)  v{zlh,yfh);  (c)  U){z/h,y/h). 
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4.  Statistics 

In  Figure  7{«)',  comparison  of  the  mean  velocity  profile,  U, 
IS  made  between  the  computation  and  experiments  conducted 
at  different  Reynolds  numbers  (Re  =  2900,  Reichardt  1959, 
Re  2xl0^-4  x  10^,  El  Telbany  k  Reynolds  1980)  Note  that 
the  velocity  profile  at  high  Reynolds  numbers  changes  rapidly 
within  the  narrow  region  close  to  the  walls  (say,  y±lh  <  0  1), 
and  that  it  has  a  seemingly  constant  slope  in  the  core  region 
(ly/^l  S  0.5).  The  mean  velocity  gradient  at  the  walls,  5w  = 
dUjdyly,,  grows  substantially  with  Reynolds  number,  whereas 
at  the  center  plane  the  slope,  5c  =  dU/dy\^fi,~Q,  decreases 
with  increasing  Reynolds  numbers  The  value  of  Sc  is  about 
5%  of  the  wall  value  (the  total  stress)  and  it  is  about  30%  of 
the  value  m  an  equivalent  laminar  flow  with  a  linear  velocity 
profile  Thus,  the  total  shear  stress  in  the  turbulent  case  is 
about  ten  times  higher  compared  with  the  laminar  value 

The  near-wall  profile,  (/'*'  (made  dimensionless  by  the  wall- 
shear  velocity,  Ur),  vs  j/"*"  (the  distance  normal  to  the  nearest 
wall  scaled  by  the  viscous  length,  /y  =  I'/Ur)  is  shown  m 
Figure  7(6)  The  dashed  and  dotted  lines  denote  the  law  of 
the  wall:  U'*'  =  and  =  (I/'t)  Iny'^  +  5  (where  a  =  0  4 
and  B  =  5.5),  respectively,  which  fits  the  experimental  data 
at  a  higher  Reynolds  number  (El  Telbany  &  Reynolds  1980) 

Figure  8  shows  the  profiles  of  turbulent  and  total  shear 
stri^ses  across  the  channel.  The  shear  stresses  are  symmetric 
about  y/h  =  0,  and  the  uniformity  of  the  total  shear  stress 
(t/tw  =  l)  is  apparent,  indicating  that  the  flow  has  indeed 
reached  a  statistical-steady  state.  Near  the  walls,  the  turbu¬ 
lent  stress  (— pffP/Tw)  increases  rapidly  with  the  distance  from 
the  wall.  (Hence,  the  mean  shear  rate,  dU/dy  =  (r  +  pCv)//!, 
decreases  rapidly  in  the  same  vicinity  of  the  walls  )  In  the  core 
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Figure  7  Mean  velocity  profile  m  plane  Couette  flow 
(a)  global  profile,  U/Vw  vs.  y/h;  (6)  near*wall  profile, 

lj+  w  - ,  present  simulation,  0,  Reichardt 

;(1959),  •  ,  El  Tclbany  k  Reynolds  (1980),  — (/+  = 
y+; . ,  i/+  =  (l/«)lny+  +  5  {/c  =  0.4  and  B  -  5.5) 


Figure  9  Profile  of  turbulent  kinetic  energy  m  plane 

Couette  flow  - ,  of  the  full  field, - ,  of 

the  it*  =  0  mode,  q"^  of  the  residual  field 


m  the  vicinity  of  the  wall  (say  y±/h  <  0  1),  the  contribution 
from  the  large  eddies  is  about  30%  over  the  whole  channel, 
indicative  of  the  importance  of  ths  large-scale  eddies  in  ener¬ 
getics. 

The  profiles  of  turbulence  intensities  v'"*",  ui'"^)  in 
Figure  10(a)  show  good  agreement  with  the  measurements  (El 
Telbany  k  Reynolds  1981)  at  a  higher  Reynolds  number  The 
profiles  are  almost  constant  in  the  core  region,  suggesting  the 
existence  of  homogeneous,  stationary  turbulence  states 

Comparison  with  those  in  a  plane  Poiseuille  flow  (Figure 
106)  at  a  comparable  Reynolds  number  (Rer  =  180,  Kim  et 
al.  1987)  shows  that  the  intensities  in  Couette  flow  are  signif¬ 
icantly  higher  at  most  locations  in  the  channel,  except  in  the 
vicinity  of  the  wall  <  30)  where  the  Couette  values  are 
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Figure  8  Profiles  of  shear  stresses  in  plane  Couette 
flow  — ,  total  shear  stress  (r/r^);  — ,  Reynolds 
stress  (-pUF)  of  the  full  field;  — — Reynolds  stress 
of  the  ifcx  =  0  mode,  ,  Reynolds  stress  of  the  resid¬ 
ual  field. 


region,  the  total  shear  stress  is  completely  dominated  by  the 
turbulent  stress  and  the  viscous  stress  is  only  a  few  percent 

It  is  of  interest  to  examine  how  much  the  large-scale  eddies 
contribute  to  energetics  In  Figure  8,  the  contributions  to  the 
Reynolds  stress  from  the  Urge-scale  eddies  and  residual  field 
are  drawn.  The  contribution  from  the  large  eddies  increases 
with  the  distance  from  the  wall  and  at  the  center  line  it  is 
about  the  same  as  that  from  the  residual  field  Therefore, 
the  production  rate,  -((/f//dy)iru,  in  the  core  region  has  a 
substantial  coiitiibuttuu  fium  the  Uigc-scale  eddies. 

Figure  9  compares  the  contributions  to  turbulent  Kinetic 
energy  from  the  full,  large-eddy  and  residual  fields.  Except 


Figure  10  Near-wall  profiles  of  turbulence  intensities, 
(«*■•■,  o'"*",  w''*')  vs  y+*  (a)  plane  Couette  flow  (present 
Cviiiputaviuii),  (6)  plane  Poiseuille  flow  (from  Kim  et  ai. 

1987).  — ,  u'"*";  — u'+; - ,  Symbols  are 

the  measured  data  from  El  Telbany  k  Reynolds  (1981) 
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only  slightly  higher  The  marked  difference  in  the  core  region 
IS  a  direct  consequence  of  the  finite  rate  of  production  of  tur¬ 
bulent  kinetic  cnerg>  in  plane  Couette  flow  The  figure  also 
shows  that  in  the  core  region  the  distribution  of  turbulent  ki 
netic  energy  amoi^the  throe  components  is  more  anisotropic 
in  Couette  flow  (u^  ~  0  61  .  0  17  ■  0  22)  than  in 

Poiseuille  flow 

5.  Summary  and  concluding  remarks 

Direct  numerical  simulation  of  turbulent  plane  Couette 
flow  at  Reynolds  number  of  6000  was  carried  out.  Exami¬ 
nation  of  the  instantaneous  and  statistical  structures  revealed 
the  existence  of  large-scale  eddies  in  the  flow  The  large-scale 
structures  have  a  extremely  long  lengthscale  in  the  flow  direc¬ 
tion  and  they  fill  the  entire  channel  They  appear  as  pairs  of 
high-  and  low-speed  regions  alternating  in  the  spanwise  direc¬ 
tion  with  an  average  lengthscale  of  2h  so  that  their  aspect  ratio 
IS  about  unity  The  (i,  <)-averaged  field  shows  the  existence 
of  secondary  vortical  motion  that  fills  the  entire  channel 

It  has  been  known  that  existing  turbulence  models  based 
on  two-dimensional  flows  have  a  difficulty  in  predicting  struc¬ 
tures  of  ‘three-dimensional’  flows  such  as  curved  channel  flow 
and  rotating  channel  flow.  Despite  the  flow  geometry  of  these 
flows  IS  two-dimensional,  large  secondary  flows  develop  and 
play  a  dominant  role  because  of  instabilities  associated  with 
centrifugal  (curved  channel)  or  Coriolis  (rotating  channel)  force. 
Plane  Couette  flow  does  not  have  such  instability,  but  similar 
large  roll-cell-like  structures  exist  in  the  core  region  as  evi¬ 
denced  in  the  present  work.  Therefore,  it  would  be  of  great 
interest  to  see  how  well  the  current  turbulence  models  predict 
the  behavior  of  turbulence  in  plane  Couette  flow. 

Because  turbulent  plane  Couette  flow  has  uniform  shear 
stress  across  the  channel,  there  has  been  an  intrinsic  interest 
in  the  flow  from  the  modeling  point  of  view  (Von  K-irman, 
1937,  Henry  k  Reynolds,  1984,  Schneider,  1989.  Kim  &  Gib¬ 
son,  1989).  Kim  &  Gibson  (1989),  based  on  an  algebraic- 
stress  model  analysis  using  data  of  El  Telbany  k  Reynolds 
(1982),  hypothesized  that  there  exists  counter-gradient  diffu¬ 
sion  of  turbulence  energy  from  the  center  of  the  flow  towards 
the  walls.  This  interesting  idea  has  not  been  resolved  for  the 
lack  of  measurements  of  the  triple-velocity  correlations.  In 
the  present  work  we  have  computed  such  data,  and  we  shall 
address  this  important  issue  in  a  subsequent  paper 

We  have  also  compiled  a  variety  of  turbulence  statistics 
such  as  all  the  terms  in  the  transport  equations  of  the  Reynolds 
stresses  and  the  probability  density  functions  (and  skewness 
and  flatness)  of  velocity  and  vorticity  components,  etc  These 
and  comparison  with  those  in  plane  Poiseuille  flow  will  be  dis¬ 
cussed  in  full  later 

This  work  was  performed  while  the  first  author  (MJL) 
was  at  the  Center  for  Turbulence  Research,  Stanford  Univer¬ 
sity  and  NASA-Ames  Research  Center  during  1989-1990  We 
thank  Parviz  Mom  and  Javier  Jimenez  for  the  fruitful  discus¬ 
sions.  This  work  was  supported  in  part  by  the  National  Science 
Foundation  and  the  computer  time  was  generously  provided 
by  the  NASA-Ames  Research  Center,  for  which  MJL  is  grate¬ 
ful  The  writing  of  this  paper  was  supported  in  part  by  the 
Department  of  Mechanical  Engineering  and  Advanced  Fluids 
Engineering  Research  Center  (AFERC),  Pohang  Institute  of 
Science  and  Technology  (Postech) 
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ABSTRACT 

The  effect  of  an  impulsively  staited  transverse  pressure 
gradient  on  turbulence  structures  in  a  planar  channel  flow 
was  studied  using  direct  numerical  simulation  In  agreement 
with  experiments,  the  simulation  shows  a  reduction  m  the 
Reynolds  shear  stress.  It  also  shows  a  drop  in  the  turbulent 
kinetic  energy  These  effects  were  found  to  be  related  to  the 
break-up  of  the  near-wall  velocity  streaks  The  strcamwise 
vortices  are  convected  in  the  spanwise  direction,  breaking 
the  original  streak  structures  as  they  cross  over  them.  It 
was  also  found  that  the  vortices  with  the  same  sign  as  the 
developing  mean  streamwise  vorticity  were  weakened 

INTRODUCTION 

Several  experiments  liave  shown  a  reduction  of  the 
Reynolds  shear  stress  when  two-dimensional  (2-D)  turbu¬ 
lent  boundary  layers  are  turned  by  a  transverse  pressure 
gradient  [1,2,3]  This  result  is  somewhat  surprising,  since  it 
can  be  argued  that  the  cross  flow  would  add  energy  to  the 
flow.  Turbulence  models  most  commonly  used  in  2*D  flows 
do  not  predict  these  reductions  This  effect  cannot  be  ac¬ 
counted  for  by  coordinate  rotation,  since  many  expenments 
have  shown  a  drop  m  the  invanant  structure  parameter, 

— ,  where  u\v',w'  are  the  velocity  fluctua¬ 
tions  in  the  X,  y, .  directions  respectively,  and  q  is  the  turbu¬ 
lent  kinetic  energy  The  reductions  must  therefore  be  caused 
by  changes  m  the  structure  of  the  turbulence  Turbulence 
in  boundary  layers  contain  eddies  with  long  lifetimes  which 
have  been  found  important  in  the  generation  of  Reynolds 
shear  stress  and  turbulent  kinetic  energy  [4]  Direct  nu¬ 
merical  simulation  makes  it  possible  to  study  the  dynamics 
of  these  eddies  in  detail.  This  paper  describes  how,  when 
subjected  to  a  spanwise  pressure  gradient,  the  eddies  are 
changed  so  as  to  reduce  the  turbulent  kinetic  energy,  the 
Reynolds  shear  stress  and  other  statistical  quantities. 

NUMERICAL  SIMULATION 

The  numencal  method  and  the  2-D  initial  data  for  this 
study  are  the  same  as  those  described  m  Kim,  Moin  and 
Moser  [5]  This  computer  program  simulates  a  fully  de¬ 
veloped  turbulent  flow  between  two  parallel  plates  (see 
Figure  1 ).  The  flow  is  homogeneous  in  the  horizontal  (x,  z)- 
planes  where  a  Founer  expansion  is  used  to  represent  the 
flow  variables.  A  Chebychev  expansion  is  used  in  the  direc¬ 
tion  normal  to  the  walls.  The  Reynolds  number  based  on 
the  channel  half-width  6  and  the  2-D  centerhne  velocity  is 
3200,  and  the  number  of  dealiased  modes  is  (128x129x128) 

At  time  zero,  a  spanwise  pressure  gradient  is  imposed  on 
a  flow  field  from  a  statistirally  2-D  ''hannel  flo'*'  The  flow' 
passes  through  a  transiant  before  its  mean  flow  eventually 
relaxes  back  to  2-D  in  a  new  direction.  It  is  the  transient 
period  we  arc  interested  in  The  spanwise  pressure  gradient 


Figure  l  Schematic  of  three-dimensional  channel  flow 

IS  10^  where  Tu,  is  the  wall  shear  stress  for  the  2-D  chan¬ 
nel  flow.  The  spanwise  pressure  gradient  and  the  mass  flow 
in  the  x-direction  are  kept  constant  Additional  compu¬ 
tations  were  performed  m  the  minimal  channel  of  Jimenez 
and  Mom  [6]  The  minimal  channel  is  a  channel  flow  for 
which  the  computational  box  is  the  smallest  possible  that 
can  maintain  turbulence  It  contains  only  one  or  two  dom¬ 
inating  structures  and  therefore  provides  a  much  simpler 
setting  to  analyse  the  flow  dynamics. 

EVOLUTION  OF  STATISTICAL  QUANTITIES 

A  d'*tailed  description  of  the  evolution  of  turbulence 
statistics  for  the  3-D  channel  flow  is  given  in  Mom  ct  al 
[7j.  The  changes  in  first-  and  second-order  statistics  are 
outlined  below. 

All  statistics  were  obtained  using  averages  m  x  and  z 
directions  and  ensemble  averages  of  9  realizations  All  ve¬ 
locities  are  normalized  by  Wr,  the  shear  velocity  of  the  2-D 
channel  flow,  and  length  scales  are  non-dimensionahzed  by 
the  channel  half  width  6. 

The  mean  velocity  in  the  spanwise  direction,  W  will  grow 
linearly  in  time  outside  a  Stokes  layer  near  the  wall;  the 
wall  IS  the  source  of  mean  streamwise-vorticity,  uJ7  At 
early  times,  the  spanwise  boundary  layer  grows  like  the  cor¬ 
responding  laminar  boundary  layer.  The  stronger  the 
longer  it  takes  before  W  deviates  considerably  from  the  lam¬ 
inar  profile. 

In  spite  of  a  constant  mass  flow  in  the  x-direction,  the 
streamwise  component  of  the  mean  wall  stress,  rj,  is  re¬ 
duced  by  about  8  percent.  The  mean  streamwise  velocity 
,U,  is  reduced  throughout  the  viscous  sublayer.  Farther  out, 
U  is  slightly  larger  m  the  3-D  case  maintaining  the  constant 
mass  flux 

The  drop  m  turbulent  kinetic  energy  is  mostly  caused  by 
a  reduction  of  the  root-mean-square  (rms)  of  xi'  (see  Figure 
2).  The  rms  of  v'  is  shghtly  reduced  as  well,  while  the  rms  of 
tc'  rises  os  H'  builds  up.  Except  in  the  viscous  sublayer,  the 
vorticity  component  most  affected  is  the  vertical  component 
(sec  Figure  3)  It’s  rms  is  reduced  across  the  boundary 
layer,  with  maximum  reduction  around  y*  =  15  where  it 
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Figure  2  Root-mcan-square  of  the  3  fluctuating  velocity 
components.  ■■  i  2-D  ftow,^  3*0  flow  At  = 

0  between  each  curve 
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V 

Figure  3.  Root-mean-square  of  the  vorticity  component 
normal  to  the  walls.  —  2*0  flow,  3-D  flow 

At  =  0.15^/ur  between  each  curve. 

has  its  maximum  Note  that  u/y  is  invariant  to  a  coordinate 
rotation  parallel  to  the  walls.  In  the  viscous  sublayer,  the 
rms  of  Ug  grows  with  growing  (spanwise  wall  stress)  and 
the  rms  of  u;'  is  reduced. 

The  reduced  statistical  quantities  will  reach  a  minimum 
before  they  recover  toward  a  new  steady  state.  The  time  at 
which  the  minimum  is  reached,  vary  for  different  statistical 
quantities  between  t=  0  6  6/ut  and  1.1  6/ur 

PROBABILITY  DENSITY  FUNCTIONS 

Probability  density  functions  (PDFs)  are  useful  in  relat¬ 
ing  changes  in  statistical  quantities  with  changes  in  turbu¬ 
lence  structures.  By  comparing  the  PDFs  for  the  2-D  and 
3-D  flows,  we  can  determine  the  range  of  values  in  a  flow 
vanable  that  have  been  most  affected  It  is  then  possible 
to  search  the  instantaneous  fl^>w  fiplds  for  these  valnefl  and 
examine  the  events  that  create  them  in  the  2-D  and  the  3-D 
cases. 

The  changes  in  the  turbulent  kinetic  energy  were  found 
to  be  mainly  caused  by  changes  in  the  rms  of  The  PDFs 


ti' 

Figure  4  Probability  density  function  for  u'  at  y"*"  =  10. 

- -  2-D  flow;  :  3-D  flow  t  =  0.6ur/^  after  is 

imposed. 
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Figure  5.  Probability  density  function  for  r,  and  fluctu¬ 
ating  Tg  - :  2-D  flow,,  ■■  3-D  flow  t  =  0  Gtir/S 

after  is  Imposed. 

of  u'  (see  Figure  4)  show  that  its  rms  is  reduced  because  the 
most  intensely  negative  u'  events  have  become  less  intense, 
whereas  for  positive  u'  there  are  smaller  reductions,  but 
over  a  wider  range.  This  is  true  at  all  locations  across  the 
boundary  layer.  Rms  of  omtga'^  is  reduced  in  the  same 
manner  since  in  the  viscous  sublayer,  ~  — u'y. 

The  reduction  of  high  u-cvents  is  more  pronounced  than 
is  indicated  by  the  PDFs  of  u'.  This  is  especi.  lly  true  in 
the  viscous  sublayer,  where  the  change  in  U  is  considerable 
The  change  in  the  total  streamwise  velocity  is  given  by  thr 
PDF  of  u.  To  get  the  PDF  of  u',  the  PDF  of  u  is  shifted 
U  units  to  the  left  Since  near  the  wall  U  is  smaller  m  the 
3D  case,  the  3D  PDF  is  not  shifted  as  far  as  the  2D  PDF. 
This  accounts  for  the  significant  weakening  of  high-speed 
events  which  is  not  pronounced  in  the  PDF  of  u'  changes  for 
low-speed  events  appear  more  pronounced  This  is  clearly 
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Figure  6  Weighted  joint  probability  density  function  for 

u'  and  n'  at  y'^  =  10  -  2-D  flow;  3-D  flow  t= 

0  after  is  imposed. 


Figure  7  Contours  of  u'-valucs  at  =  10  (a)  2-D  flow, 
and  (b)  3-D  flow  t  =  0  6ur/tf  after  is  imposed,  u'  =  -3.5 
(  )  and  2  0  ( - ) 


s<\*n  in  figure  5,  which  shows  the  PDFs  of  and  r'  The 
reduction  of  the  streamwise  component  of  the  mean  wall 
stress,  18  due  to  a  reduction  in  the  high  velocity  events 
The  PDF  of  w,  also  displays  a  reduction  of  the  most 
intense  values  This  alteration  is  consistent  with  changes  in 
the  structure  of  the  streams,  since  the  aflfected  values  of  ui, 
are  found  alon^  the  borders  between  high-speed  and  low- 
speed  streaks  where  high  values  of  axe  fo'md 
The  weighted  joint  PDF  for  u'  and  v'  shows  (sec  Figure 
6)  that  the  reduction  in  the  Reynolds  shear  stress  is  mostly 
caused  by  a  weakening  of  ejections  (second  quadrant)  The 
changes  are  consistent  with  the  PDF  of  u'  ••  the  ejections  are 
weakened  because  the  most  intensely  negative  u'  have  dis¬ 
appeared  while  the  sweeps  (fourth  quadrant)  are  weakened 
in  the  middle  of  the  range  of  positive  u' 

Figure  7  shows  the  contours  of  the  affected  values  of  u* 


Figure  8  Energy  spectrum  En  at  =  10  5  for  (a)  2-D 
flow,  (b)  3-D  flow  t  =  0.66/ur  after  is  imposed  Contour 
levels  10“M0"M0"M0-V 

(obtained  from  the  PDFs  of  u'  in  Figure  4)  in  a  2-D  and 
a  3-D  flow  field  The  contours  are  quite  elongated,  which 
indicates  that  the  changes  have  occured  within  the  wall  layer 
streaks.  The  low-speed  streaks  are  longer  and  narrower  than 
the  high-speed  streaks  This  is  fairly  independent  of  the 
contour  levels  chosen  to  highlight  the  streaks  In  the  3- 
D  channel  flow,  both  the  low-  and  the  high-speed  streaks 
become  sho»  *.•  t 


CHANGES  IN  THE  STRUCTURES 
The  energy  spectrum  of  u, 

^11  -<  > 

where  ti  is  the  Fourier  transform  of  u,  u*  is  the  complex 
conjugate  of  u  and  fc,  and  fc,  are  the  wave  numbers  m  the 
streamwise  and  the  spanwise  direction  respectively,  shows 
the  turning  of  the  structures  with  the  flow  (see  Figure  8) 
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Figure  9  Top  view  of  strcamwise  vorticet  above  the  wall 

s«tiess. - 1  high  r,,  .  low  r,.  (a)  2*D  flow;  (b)  3-D 

flow  with  spanwise  flow  in  the  positive  c-du*ertion  Both 
flow  fields  were  initifdized  from  a  2-D  nunimal  channel  at 
t=  0.1256/ur  earlier 

It  can  also  be  seen  that  the  largest  structures  (inner  con¬ 
tours)  have  turned  less  than  the  smaller  ones  The  largest 
structures  are  affected  by  the  outer  part  of  the  flow,  which 
has  turned  less.  Moreover,  the  smaller  structures  may  ht•^• 
been  created  after  the  imposition  of  the  pressure  gradient 

The  rms  of  w*  fluctuations  have  a  local  maximum  arour  I 
y**"  a20.  It  has  been  found  that  contours  of  w,  fluctuations  of 
magnitude  twice  the  value  of  this  local  maximum  are  fairly 
reliable  detectors  of  streamwise  vortices  Examiuatio.i  of 
the  instantanous  flow  fields  clearly  shows  that  the  stream- 
wise  vortices  turn  when  the  spanwise  boundary  layer  grows 
to  their  height  above  the  wall. 

Before  the  vortices  start  turning,  they  are  convectod  side¬ 
ways  in  the  spanwise  direction  In  the  2-D  minimal  channel 
streamwise  vortices  can  be  found  between  low-speed  and 
high-speed  streaks  This  is  seen  in  Figure  9a,  where  the 
dominant  vortex  is  shown  with  contours  of  the  wall  stress 
below  it.  The  weaker  vortex  of  oppposite  sign  is  not  in¬ 
cluded  for  clarity  Note  that  the  flow  field  has  been  extended 
four  fold  using  the  periodic  boundary  conditions  m  x  and  z 
directions  The  sense  of  rotation  of  the  streamwise  vortex 
snown  IS  such  that  it  pumps  high-speed  fluid  down  into  the 
high-speed  streak  and  lifts  low-speed  fluid  up  from  the  low-, 
speed  streak  When  the  spanwise  mean  flow  is  developed, 
the  vortices  arc  shifted  in  the  spanwise  direction  relative 
to  the  neat'vall  streaks  They  then  pump  high-speed  fluid 
down  into  the  low-speed  streak  and  up  from  the  high-speed 
streaki  Both  streaks  are  thus  weakened.  This  is  seen  m 
Figure  9b,  which  is  the  flow  corresponding  to  9a,  but  with  a 
spp/iwise  flow  in  positive  z-dircction  imposed  t=0.125  6/«r 
earner. 

In  the  “natural”  channel  (as  opposed  to  the  minimal 
channel),  the  distribution  of  vortices  is  more  chaotic,  but 
their  average  location  is  the  same  as  in  the  minimal  channel. 
The  conditionally  averaged  field  of  w,  conditioned  around 
high  wall  stress  events  in  the  natural  channel  flow  is  shown 
m  Figure  10.  It  is  clear  that  a  spanwise  shift  has  occured 
The  corresponding  plot  conditioned  on  low  wall  stress  shows 
a  similar  sluft. 

Figure  10  also  shows  that  there  arc  differences  in  the  evo¬ 
lution  of  vortices  with  positive  and  negative  signs.  The  vor¬ 
tices  with  the  same  sign  as  the  generated  are  weakened 
Tlus  effect  also  appears  m  the  minimal  channel  Figure  11 
shows  the  time  evolution  of  the  wall  stress  for  the  2-D  flow 


Figure  10  Conditionally  averaged  u;*  conditioned  on 
high  wall  strt.'s  at  the  origin  t  =  0.6  Ur/^  after  is 
imposed. 
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Figure  ll  Wall  stress  evolution  m  the  minimal  channel 

- 2-D  flow, - 3-D  flow  with  negative  ,  3-D 

flow  with  positive 

and  two  cases  of  3-D  flow  .  flow  turning  in  the  positive- 
and  negative  z-directions.  Only  a  small  portion  of  the  in- 
terinittant  evolution  of  <  r,  is  shown  (  see  Figure  6  of 
Jimenez  and  Moin).  The  spanwise  pressure  gradient  is  im¬ 
posed  at  the  starting  point  of  the  curves.  In  the  case  which 
sets  up  a  streamwise  mean  vorticity  with  the  same  sign  as 
the  dominant  vortex  present  at  that  time,  the  vortex  disin¬ 
tegrates  faster  causing  a  lower  wall  stress  Both  3-D  ca.ses 
have  a  weaker  wall  stress  than  the  2-D  case,  because  both 
experience  the  shift  effect. 

Later  the  vortices  start  turning  Computer  animation 
shows  that  the  streaks  are  broken  as  the  vortices  cross  over 
them.  Streaks  begin  to  be  formed  m  a  new  direction  and 
the  turbulent  kinetic  energy  and  the  Reynolds  shear  stress 
begin  to  recover 

CONCLUSION 

The  reduction  of  the  Reynolds  shear  stress,  turbulent  ki¬ 
netic  energy,  streamwise  mean  wall  stress  and  the  rms  of 
have  been  related  to  the  break-up  of  the  near-wall  streaks. 
The  weakening  ot  the  streaks  occur  because  the  streamwise 
vortices  just  above  them  are  shifted  relative  to  the  streaks 
and  cut  across  them.  We  have  also  observed  reduction  of 
the  intensity  of  the  streamwise  vortices  with  the  same  sign 
as  the  mean  streamwise  vorticity. 
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Abstract 

It  is  shown  that  the  ideas  of  stlecUve  ampltficaiion  and  di¬ 
rect  re^ononce,  based  on  linear  theory,  do  not  provide  a  selec¬ 
tion  mechanism  for  the  well-defined  streak  spacing  of  about 
100  wall  units  (referred  to  as  100'*’  hereafter)  observed  in 
wall-bounded  turbulent  shear  flows  For  the  direct  resonance 
theory  (Benney  &  Gustavsson,  1981,  Jang  et  al.,  1986),  it 
IS  shown  that  the  streaks  are  created  by  the  nonlinear  self- 
interaction  of  the  vertical  velocity  rather  than  of  the  dvtctly 
forced  vertical  vorticity.  It  is  then  proposed  that  the  selection 
mechanism  must  be  inherently  nonlinear  and  correspond  to 
a  5elf‘iualatntng  process.  The  streak  formation  is  only  one 
stage  of  the  complete  meebanism  and  can  not  be  isolated 
from  the  rest  of  the  process.  The  value  should  be  con¬ 
sidered  as  a  critical  ^ynolds  number  for  that  self-sustaining 
mechanism.  For  the  case  of  plane  Poiseuille  flow  the  100'*' 
criterion  corresponds  to  a  critical  Reynolds  number  of  1250, 
based  on  the  centerline  velocity  and  the  channel  half-width, 
which  18  close  to  the  usually  quoted  value  of  about  1000. 
In  plane  Couette  flow,  it  corresponds  to  a  critical  Reynolds 
number  of  625,  based  on  the  half  velocity  difference  and  the 
half-width 

1..  Introduction 

An  intriguing  feature  of  wall-bounded  turbulent  flows  is 
the  existence  of  bands  of  low-  and  high-speed  fluid,  elon¬ 
gated  in  the  streamwise  direction,  and  with  a  very  consis¬ 
tent  spanwise  spacing  of  about  one  hundred  wall  umts,  i  e. 
100i//u*,  where  u.  =  {vdU/d\f\^y^^  is  the  friction  veloc¬ 
ity.  The  streaks  are  known  to  initiate  a  loc  Jized  instability 
that  leads  to  a  “bursting  process,”  during  which  most  of  the 
turbulence  production  t^ces  place  (Kbne  ei  ai,  1967,  Ktm 
ei  1.,  1971).  Large  momentum  is  exchanged  between  the 
wall  and  the  outer  fluid  during  the  bursting  process,  thus 
sustaining  the  turbulent  flow. 

It  is  now  fairly  well  accep^inl  that  the  mechanism  for  streak 
generation  is  a  rapid  one,  meaning  that  the  linear  distortion 
of  fluctuations  by  the  mcen  shear  strongly  dominates  the 
nonhnear  effects  (Lee  et  al ,  1990).  The  physical  process  is 
a  redistribution  of  downstream  momentum  by  cross-stream 
motions  (downstream  rolls)  which  are  decoupled  from  the 
mean  flow.  The  important  question  remaining  is  to  deter¬ 
mine  what  imposes  the  characteristic  streak  spacing.  A  nat¬ 
ural  suggestion  is  that  the  linear  mechanism  itself  leads  to  a 
favored  scale  (selective  amplification).  The  inner-layer  of  a 
typical  turbulent  boundary  layer  being  about  50  wall  units 
thick,  the  scale  of  the  largest  downstream  roll  would  be  also 
around  bO***  and  these  would  induce  streaks  with  a  spanwise 
wavelength  around  100'*'.  The  flaw  in  that  reasoning  is  that 
it  rests  on  an  intuitive,  yet  false,  assumptions  that  rolls  are 
necessarily  circular  while  in  fact  they  can  be  elliptical.  Our 
analysis  indicates  that  while  the  linear  mechanism  provides 
a  scale  selection,  it  is  much  too  weak  to  be  significant  and 
does  not  correspond  to  the  value  of  100'*'..  The  weak  scale 
selection  shows  up  in  the  vertical  vorticity  spectra  but  not  in 
the  downstream  velocit>  spectra.  In  a  turbulent  boundary 
layer  a  peak  appears  in  both  spectra. 


In  the  direct  resonance  theory  (Gustavsson  1981, •  Ben¬ 
ney  and  Gustavsson  1981),  oblique  vertical  vorticity  modes 
arc  forced  by  the  'Vertical  velocity.  The  physical  process 
IS  entirely  similar  to  that  for  the  streak  generation  men¬ 
tioned  al^ve  and  consists  of  a  redistribution  of  momentum 
in  oblique  planes  by  oblique  rolls.  Because  of  the  oblique¬ 
ness,  the  two  types  of  fluctuations  (oblique  rolls  and  oblique 
streaks,  or  in  mathematical  terms  vertical  velocity  and  vor¬ 
ticity)  are  in  general  influenced  by  the  mean  flow  m  two 
different  ways.  The  small  vertical  velocity  fluctuations  are 
governed  by  the  Orr-Som.ncrfeld  equation,  while  the  vertical 
vorticity  fluctuations  obey  an  advection-dirusion  equation 
The  argument  is  that  the  forcing  of  the  vertical  vorticity 
by  the  velocity  should  be  most  effective  when  the  eigen- 
vidue  of  the  velocity  mode  is  identical  to  an  eigenvalue  of 
the  homogeneous  vortiaty  equation  (a  so-called  direct  res¬ 
onance)  The  resonance  condition  is  only  satisfied  for  well- 
defined  Btreamwise  (z)  and  spanwise  (r)  scales,  thus  provid¬ 
ing  a  scale  selection.  If  the  “resonance”  condition  is  met,  the 
vorticity  is  expected  to  reach  “large”  values.  The  nonlinear 
self- interaction  of  the  “large”  vertical  vorticity  then  gives  rise 
to  downstream  rolls  (downstream  vertical  velocity)  as  shown 
by  Jang,  Bennoy  and  Gran  (1986),  and  these  rolls  lead  to 
streaks  as  explained  in  the  previous  paragraph.  Unfortu¬ 
nately,  our  analysis  does  not  support  this  approach  either. 
The  direct  resonance  criterion  does  not  njcessarily  select  the 
most  amplified  vorticity  fluctuations.  This  is  l^ause  the 
“resonance”  always  occurs  for  damped  modes.  So  the  maxi¬ 
mum  vorticity  amplitude  that  can  be  obtained  is  a  function 
of  the  damping  rate,  and  there  are  non-resonant  modes  with 
a  lower  damping  rate  which  can  reach  larger  amplitudes.  In 
fact,  the  largest  vorticity  amplitudes  are  obtained  for  down¬ 
stream  modes,  as  reported  recently  by  other  authors  also 
(Gustavsson  1991;  Henningsson  1990),  but,  as  discussed  in 
the  previous  paragraph,  the  downstream  fluctuations  do  not 
yield  a  significant  scale  selection.  So  this  approach  can  not 
explain  the  streak  spacing  either.  In  any  case,  our  analysis 
also  indicates  that  the  generation  of  downstream  rolls  is  a 
result  of  the  nonlinear  interaction  of  the  oblique  vertical  ve¬ 
locities  and  not  of  the  vorticities,  thus  bypassing  completely 
the  “resonant”  amplification  of  the  oblique  strei^B. 

The  final  part  of  this  paper  presents  an  introduction  to 
on-going  research  aimed  at  providing  an  understanding  of 
the  scale  selection  and  the  mechanisms  taking  place  in  the 
near-wall  region  of  turbulent  boundary  layers.  We  propose 
that  the  streak  spacing  should  be  considered  as  a  critical 
Reynolds  number  for  a  self-sustaining  nonlinear  process,  of 
which  streak  formation  is  one  of  the  elements.  The  nonlin¬ 
ear  process  would  not  persuts  for  scales  lower  than  about 
100*^.  This  is  the  case,  of  course,  if  the  largest  scale  al¬ 
lowed  in  the  domain  is  smaller  than  ICK)'*'.  Therefore  a  link 
18  established  between  the  lUU'*'  charactenstic  streak  spacing 
and  the  critical  Reynolds  numbers,  above  which  turbulence 
can  be  maintained.  The  100'*'  criterion  has  the  potential  to 
he  a  more  universal  value  for  shear  flows  than  other  mea- 
rures  of  the  cntical  Reynolds  number.  It  translates  into  a 
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vhIuc  of  1250  based  on  the  channel  half-width  and  the  ccn- 
terhne  velocity  in  plane  Poiseuille  ftow^  and  625  based  on 
the  half  width  and  half  velocity  difference  in  plane  Couette 
flow.  The  self-sustaining  nonlinear  process  in  question  would 
consists  of  the  following  elements  First,  strei^s  are  created 
by  downstream  rolls,  the  streaks  then  break  down  due  to  an 
instability  of  inflexional  type  u  tiated  by  the  spanwise  in¬ 
flexions,  the  vertical  shear  might  signiflcantly  influence  the 
nature  of  that  instability.  The  streak  instability  leads  to 
the  formation  of  vortices  which  reinforce  the  ongmal  down¬ 
stream  rolls,  and  the  process  repeats  itself  provided  the  scale 
18  larger  than  100'^;  otherwise  it  loseti  intensity  and  eventu¬ 
ally  decays  The  complete  process  is  expected  to  be  itself 
unstable,  or  at  least  “broadband”,  so  that  the  flow  appears 
disordered  if  the  largest  admissible  scale  is  sufRciently  bigger 
than  lOO*^.  In  order  to  capture  the  process  in  its  simplest 
form  it  18  necessary  to  experiment  in  a  domain  whose  largest 
scale  is  close  from  100'^. 

Insection  2,  the  idea  of  selective  amplication  by  the  hnear 
nechanism  is  examined.  In  section  3,  we  reexamine  the  direct 
resonance  theory  of  Jang  et  al.  (1986).  The  self-sustaining 
mechanism  for  marginal  turbulent  flows  is  presented  in  sec¬ 
tion  4,  followed  by  a  short  summary  in  section  5. 

In  this  paper,  x,  y,  and  z  denote  streamwise,  normal  (to 
the  wall),  and  spanwise  directions,  respectively,  while  u,  u, 
and  to  denote  corresponding  velocities,  respectively. 


2.  Linear  Analysis  and  Selective  Amplification 

A  number  of  papers  (e.g.  Lee  ef  al ,  1990)  show  that  the 
mechanism  for  streak  generation  is  linear.  The  argument 
is  that  in  the  near  wall-region  the  time  scale  for  the  mean 
is  much  shorter  than  the  time  scale  for  the  nonlin¬ 
ear  effects,  measured  by  where  ^  is  a  turbulent  velocity 
scale  and  t  is  the  dissipation  rate.  The  evolution  is  then 
dictated  by  linear  equations  and  streaks  are  created  from 
the  redistribution  of  the  downstream  momentum  by  vertical 
and  spanwise  motions,  The  mechanism  is  a  simple  advection 
and  is  most  efficient  when  the  fluctuating  fields  are  elongated 
downstream.  The  question  here  is  to  examine  whether  the 
linear  mechanism  favors  spanwise  scales  of  about  100*^.  The 
mathematical  description  of  the  mechanism  is  briefly  stated 
in  the  next  few  paragraphs. 

The  governing  equations  for  the  fluctuating  field,  obtained 
by  eliminating  pressure  and  the  continuity  constraint,  are: 


(1) 


(2) 


where  v  and  rj  denote  respectively  the  y-component  of  ve¬ 
locity  and  vorticity,  and  (/  is  the  mean  velocity.  The  right- 
hand  sides,  NLv,  represent  nonlinear  terms  Flows  in 
a  channel  will  be  consider^  in  this  paper  (plane  Poiseuille 
or  plane  Couette  flow)  with  the  boundary  conditions  v  = 
dvfdy  3=  r;  =  0  at  the  wails,  located  at  y  =  ±1. 

In  the  linear  case  {NLv—0),  the  equation  for  w  is  homo¬ 
geneous  and  admits  eigcnsolutions  of  the  form: 


V  =  v(v)e'<“*+'*‘-'*''l  (3) 


10‘ 


log(t/i/u,) 

Figure  1.  Maximum  pomtwise  vertical  vorticity  response 
to  a  single  downstream  even  OS  mode  v  AJ  =  188,  s 
Xt  =  94;  ,  AJ  =  63,  o  ,  A+  =  47,  o  ,.  A+  =  38  ;  k  , 

A+  a  27 


Where 

,  JV'vr,,dv 

I M 

represent  the  eigenmodes  and  eigenvalues  of 
the  homogeneous  »?-equation.  Note  that  the  vertical  vorticity 
response  corresponds  to  streaks,  as  opposed  to  vortices. 

When  the  OS  eigenvalue  w  is  close  to  the  Squire  eigenvalue 
Pn,  the  n-th  coefficient  will  behave  ns  f  exp(‘'t;inf)>  This 
corresponds  to  an  algebraic  growth  followed  by  exponential 
decay,  as  fin  corresponds  to  a  viscously  decaying  mc^e.  For  a 
significant  algebraic  growth  to  occur  the  real  parts  of  w  and  fi 
must  be  sufficiently  close.  Otherwise  the  modes  will  decor¬ 
relate.  F\irthermore,  the  viscous  damping  must  be  small. 
Thus  one  expects  and  verifies  numerically  that  the  largest 
responses  occur  for  downstream  modes  (a  =  0)  for  which 
the  real  parts  of  the  eigenvalues  vamsb  (downstream  modes 
are  not  advected)  and  the  decay  rat**  is  inversely  proportional 
to  the  Reynolds  number. 

The  possibility  of  a  scale  selection  by  the  hnear  mecha¬ 
nism  was  investigated  numerically,  by  introducing  a  down¬ 
stream  OS  mode,  normalized  such  that  the  maximum  ver¬ 
tical  velocity  was  unity,  onto  a  turbulent  mean  profile  with 
R  =  180,  based  on  the  friction  velocity  and  the  channel  half¬ 
width.  The  mean  velocity  profile  was  chosen  as  a  Reynolds- 
Tiederman  profile,  defined  by 


dy  (1  +  vt) 


(l-exp((l  +  y)BM))l’}‘/»-i 


where  t)(y)  satisfies  the  Orr-Sommtrftli  equation.  In  gen¬ 
eral,  for  a  turbulent  mean  profile,  all  of  these  eigensoiutions 
are  decaying.  'Hie  17-equation  on  the  other  hand,  is  non- 
homogeneous  for  t;  fluctuations  with  a  spanwise  variation. 
When  forced  by  an  eigenmode  of  the  v  equation,  the  linear 
response  of  the  vertical  vorticity  has  the  form: 

=  (4) 

with  q(y,<)  given  by: 

n(y.  0  -  ^  £  An  ^ ^ - rin{y)  (5) 


where  K  and  A  were  chosen  respectively  as  0.525  and  37 
The  forced  responses  of  the  vertical  vorticity  arc  shown 
in  figure  1.  It  can  be  seen  that  there  is  a  peak  around 
A+  =  35,  but  it  is  too  weak  to  represent  a  significant  sclec-. 
tion.  The  streamwise  fluctuating  velocity  responses  would  be 
obtained  by  multiplying  the  vorticity  by  the  wavelength  and 
the  largest  response  would  correspond  to  the  largest  wave¬ 
length.  This  docs  not  match  the  experimental  observations, 
which  show  a  scale  selection  both  in  the  velocity  and  vor¬ 
ticity  spectra.  In  any  case,  the  “peak”  does  not  correspond 
to  the  typical  value  for  the  streak  spacing,  which  is  between 
GO'*'  and  100^.  We  must  conclude  that  the  linear  mechanism 
does  not  provide  a  scale  selection. 
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3.  Direct  Resonance  Theory 
In  the  vijrcct  resonance  scenario,  streetks  originate  from  a 
three-step  process  (Benney  and  Gustavsson,  1981;  Jang  tt 
al ,  1986)  The  first  step  is  linear  and  consists  of  the  resonant 
forcing  of  the  vertical  vorticity  by  the  velocity,  exactly  ns 
in  the  previous  section,  but  focuses  on  oblique  disturbances, 
for  which  the  nonlinear  effects  can  be  less  tnvial.  The  sec¬ 
ond  step  IS  the  nonlinear  interaction  of  the  vorticity  with 
its  mirror  image  across  a  vertical  downstream  plane.  This 
would  create  downstream  vortices  which,  finally,  give  rise  to 
the  streaks.  That  sequence  of  interaction  is  illustrated  by 
the  following  diagram. 

<u(a,±/S)  — •  ttr){a,±0) 
tjri*  — .  u(0,2^) 

17(0,2^) 


A  nonlinear  theory  was  developed  in  Benney  and  Gustavs¬ 
son  (1981)  and  applied  to  turbulent  boundary  layers  in  Jang 
ei  al  (1986)  Using  a  turbulent  boundary  layer  profile, 
Jang  ei  al  found  that  an  OS  eigenvalue  coincided  with  a 
“Squire”  eigenvalue  (a  direct  resonance)  for  the  horizontal 
wavenumbers,  o’*"  ==  0.0093  and  0'*'  =  0.035.  The  common 
eigenvalue  was  equal  to  0.090  -  1 0.037.  They  showed 
that  the  interaction  of  that  mode  with  its  spanwise  reflex¬ 
ion  induced  streamwise  vortices  with  a  spanwise  wavelength 
around  A"*"  =  ^  90^. 

One  problem  v  ith  the  direct  resonance  concept  is  that  it 
must  assume  not  only  that  the  eigenvalues  of  the  two  linear 
homogeneous  operators  are  close,  but  also  that  the  damping 
rates  are  small.  Otherwise,  as  discussed  above,  the  algebraic 
growth  will  be  quickly  shut  off  by  the  exponential  viscous 
decay  Another  problem  comes  from  multiple  resonances  or 
near*resonance«  There  is  no  a  priori  criterion  for  which  one 
should  prevail. 

The  possibility  of  the  direct  resonance  route  to  streaks 
has  hero  explor^  in  the  turbulent  channel  flow  (Kim  et 
al  y  1987).  The  Reynolds  number  is  about  180,  based  on 
the  channel  half-width  and  the  friction  velocity.  A  direct 
resonance  is  found  for 

a+  S'  0.005  s:  0  039 
with  the  corresponding  eigenvalues 

=0.07871485  - 1 0.02168581 
=0  07871461  - 1 0.02168558 

These  values  are  different  but  close  to  the  values  reported 
above  for  the  turbulent  boundary  layer.  The  nonlinear  in¬ 
teraction  of  the  pair  of  modes  (o;,i:/3)  leads  to  streaks  with 
a  spanwise  spacing  of  about  80'*'.  The  vertical  vorticity  re¬ 
sponses  are  displayed  in  figure  2  The  initial  conditions  were 
such  that  the  maximum  v  amplitude  was  0.1  with  no  ver¬ 
tical  vorticity.  As  indicated  by  the  subscripts,  this  direct 
resonance  occurs  at  the  14th  OS  mode  and  the  15th  Squire 
mode,  where  the  modes  are  ordered  according  to  their  decay 
rate.  Although  this  result  looks  encouraging,  the  picture  is 
not  as  clear  when  one  analyzes  other  modes. 

For  instance  the  linear  response  obtained  from  the  13th 
OS  mode  for  slightly  different  wavenumbers  is  very  similar 
to  the  direct  resonance  mode,  but  the  nonlinear  response  is 
even  larger  (figure  2).  The  response  to  the  19th  OS  mode 
for  (o,  0)  =  (1  6, 12)  revealed  rather  confusing  results  (figure 
3).  The  linear  response  is  almost  four  times  larger  than  the 
direct  resonance  one,  but  the  nonhnear  response  is  much 
smaller.  One  would  expect  that  if  the  linear  response  was 
four  times  larger  than  for  the  direct  resonance  modes,  the 
nonlinear  response  should  be  sixteen  times  larger  than  in  the 
direct  resonance  case. 


Figure  2  Linear  (lower  curves)  and  non-lmear  (up¬ 
per  curves)  vertical  vorticity  response  for  direct  resonance 

- -  ,  (o,  0}  =  (0  9, 7  07)  (forced  by  14th  OS  mode), - , 

(0. 14  14);  — -  ,  (0.8,6)  (farced  by  13th  OS  mode). 

(0.12). 


tu,fh 

Figure  3  Linear  and  nonlinear  vertical  vorticity  response 

for  direct  resonance:  - -  ,  (a,/?)  =  (0.9,7.07)  (forced  by 

14th  OS  mode), - ,  (0,14.14), - ,  (1  6,12)  (forced 

by  19th  OS  mode);  •  ,(0,24). 


To  understand  what  goes  on  it  is  necessary  to  analyze  the 
nonlinear  interactions.  The  computations  and  the  theory  are 
started  with  a  pair  of  oblique  rolls  such  as: 


V  =  co5^r(uj(j/,f)c'“*  +  ur(v,f)c"'"*) 

The  linear  processes  then  introduce  a  pair  of  oblique  streaks 

?;  =  sin^z(»7,(y,f)c'“*  +  T7*(y,f)e“'“*) 

The  nonlinear  effect  of  the  primary  interest  is  the  gener¬ 
ation  of  streamwise  vortices  V{y^t)coa20z.  The  complete 
equation  for  V(y,f)  is  obtained  from  (1)  with  the  nonlinear 
forcing  provided  by  the  pair  of  oblique  rolls  After  some  ma¬ 
nipulations  (see  e.g.  Benney,  1961,  Lin  and  Benney,  1962), 
one  finds: 


+ ''>1} + + “1“’*), 
where  u>i  is  given  in  terms  of  Ui  and  r/i  by 

m  +10171) 
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Figure  4.  Forcing  terms  for  the  direct  resonance  mode  at 
time  when  rj  is  maximum*  v  ,  Fvv\  •  ,  a  ,  F,, 


With  Jt*  =  +  0^.  The  right  hand  side  can  be  rewritten  as 

the  sum  of  three  forcing  terms  Fw  +  Fvii  +  where 


,=^[(J+4/3>)(m«r-';ro.)+ 
4a’  a , .  a  a  ... 


_4a’a’a 

F^ - 

In  the  direct  resonance  theory,  the  oblique  streaks  (f/i)  are 
supposed  to  be  much  larger  than  the  rolls  so  that  only  their 
nonlinear  interaction,  i.e  the  term  18  considered  The 
three  forcing  terms  for  the  direct  resonance  case  at  the  time 
when  Tj{a,±0)  reaches  its  maximum  amplitude  (cf  figure 
2)  are  shown  in  figure  4.  Figure  4  shows  that  the  domi¬ 
nant  forcing  term  is  the  nonlinear  interaction  of  the  oblique 
rolls  (vi )  and  not  of  the  “directly  forced”  obhque  stress 
(fji)  Thus  the  formation  of  the  streamwisc  vorticity  is  ow¬ 
ing  to  the  nonlinear  interaction  of  the  vertical  velocity  of  the 
oblique  rolls,  not  the  vertical  voritetiy  as  proposed  in  the  di¬ 
rect  resonance  theory.  We  must  conclude  that  the  formation 
of  streamwise  vortices,  and  the  streaks  they  induce,  are  not 
directly  associated  with  “direct  resonances.” 

4.  Marginal  Flow 

In  view  of  the  failure  of  the  linear  mechanism  to  provide  a 
scale  selection,  we  hypothesize  that  the  selection  must  comf* 
from  the  onginal  disturbance.  In  a  turbulent  flow  the  dis¬ 
turbance  seems  to  arise  from  the  breakdown  of  the  streaks 
themselves  (the  bursting  process).  Thus  the  lOO'*’  selection 
must  come  from  the  complete  self-svstaining  mechanism 
Our  conjecture  is  that  disturbances  with  a  spacing  smaller 
than  about  100*^  ca.i  not  be  miuntiuned.  The  100'^  should 
then  be  considered  as  a  critical  Reynolds  numfer.  This  con¬ 
jecture  18  consistent  with  the  observation  made  by  Jimenez 
and  Moin  (1991)  They  show  that  for  a  channel  flow  at  three 
different  Rf'^  ..jlds  numbers,  Ueh/u  =  .*>000,  3000  and  2000, 
(Ue  is  the  centerline  velocity,  h  is  the  half-height),  the  flow 
returns  to  a  laminar  state  when  the  spanwise  width  of  the 
penodic  box  is  reduced  below  about  100'^. 

We  observe  that  for  channel  width  of  about  100'^  the  chan¬ 
nel  is  very  narrow.  The  characteristic  length  for  the  scaling 
of  the  disturbance  should  then  be  taken  as  the  half  width 


as  opposed  to  the  half  height.  In  more  general  terms,  the 
characteristic  length  should  be  taken  as  the  smallest  of  half 
the  channel  height  and  width.  Doing  so  it  turns  out  that 
turbulence  can  not  be  maintained  if  u,A,/^  <  100,  which 
corresponds  to  <  1250  (A,/2  is  the  half-width), 

irrespectively  of  the  value  of  Urhfu  But  1250  is  close  to 
the  usually  quoted  value  for  the  critical  Reynolds  number  m 
channel  flow.  If  one  had  reduced  the  height  h  as  opposed 
to  the  width  A„  “turbulence”  would  have  also  disappeared 
when  UJifv  <  1250  or  u.h/i^  <  100. 

In  order  to  capture  the  self-sustaining  process  in  its  sim¬ 
plest  form,  the  next  step  is  to  reduce  both  dimensions  {2h 
and  A,)  to  their  minimum  value,  so  as  to  eliminate  all  unnec¬ 
essary  scales.  One  should  be  reminded  at  this  point  that  the 
streaks  arc  expected  to  be  an  essential  element  of  the  whole 
mechanism.  The  streaks  arc  created  from  the  redistribution 
of  downstream  momentum.  FVom  the  distribution  of  the 
mean  shear  in  a  channel  flow,  the  simplest  self-sustaimng 
nofi-laminar  flow  should  then  consists  of  a  pair  of  opposite 
streaks  in  the  spanwise  direction  and  in  the  direction  per¬ 
pendicular  to  the  walls  as  well,  i.e  one  pair  of  streaks  m 
either  half  of  the  channel.  In  Couette  flow,  where  the  mean 
shear  has  only  one  sign,  the  simplest  solution  should  corre¬ 
spond  to  only  one  pair  of  streaks  in  the  middle  of  the  chan¬ 
nel  Thus,  the  simplest  marginal  channel  flow  should  huve 
dimensions  u*A,/»/  2:  100  and  u,2h/v  2:  100  (correspond¬ 
ing  to  Re=1250,  based  on  the  centerline  velocity),  while  the 
simplest  marginal  Couette  flow  should  have  u^Xg/v  a  100 
and  Ug,2hfv  2:  50  (corresponding  to  Re=625,  based  on  the 
half  velocity  difference).  Note  that  the  laminar  mcM  veloc¬ 
ity  proflles  (parabola  for  plane  Poiseuille  flow  and  linear  for 
plane  Couette  flow)  are  usi^  to  estimate  the  wall-shear  veloc¬ 
ity,  and  the  actual  critical  Reynolds  numbers  arc  expected 
to  be  somewhat  low’er  than  1260  and  625,  accounting  for 
higher  wall-shear  velocities  associated  with  turbulent  mean 
profiles. 

A  number  of  simulations  of  both  flows  were  performed, 
and  the  result  support  the  above  reasoning.  Turbulent  Cou¬ 
ette  flow,  for  instance,  could  not  be  maintained  at  Reynolds 
numbers  of  330  and  below  (based  on  the  half  height  and  half 
velocity  difference)  but  was  meintained  for  over  2000  convec¬ 
tive  time  units  (2ft/2t/u,)  at  a  Reynolds  number  U^hfu  = 
400.  Thus  the  non-Iaminar  flow  was  maintained  for  over  5 
viscous  units  (h*/i/),  a  time  scale  over  which  the  slowest  de¬ 
caying  scales  would  decay  by  a  factor  exp{-2  Stt*)  if  they 
were  not  sustained.  The  computed  flow  fields  in  the  near¬ 
wall  region  indicated  strong  similarity  to  those  obtained  at  a 
higher  Reynolds  number  (Lee  &  Kim  1991).  The  main  mech¬ 
anism  appears  to  be  the  breakdown  of  the  streaks  owing  to 
a  spanwise  inflectional  instability  (figure  5)  The  complete 
process  is  still  somewhat  too  disordered  to  firmly  establish 
the  mechanisms  at  play  Enerp^  transfer  between  the  streaks 
and  downstream  rolls  arc  being  investigated  to  clarify  the 
nature  of  the  self-sustaining  mechanism.  It  is  also  planned 
to  investigate  these  flows  with  certain  symmetries  imposed 
upon  in  the  hope  of  further  constraining  and  clarifying  the 
nature  of  the  fundamental  self-sustaining  flow.. 

5»  Summary 

The  streaks,  well-defined  bands  of  low-  and  high-speed 
fluid  present  in  the  near-wall  region  of  turbulent  shear  flows, 
are  an  integral  part  of  the  bursting  process,  by  which  mo¬ 
mentum  is  exchanged  between  the  wall  and  the  outer  fluid. 
The  formation  of  the  streaks  is  well  described  by  Hnear  the¬ 
ory  and  corresponds  to  the  rotation  of  the  vertical  mean 
shear  by  downstream  rolls  to  create  a  spanwise  shear.  The 
linear  theory,  bowe\'er,  docs  not  proride  an  explanation  for 
the  well-defined  scale  selection  (100'*').  The  amplitudes  of 
the  streaks  obtained  from  the  linear  equations  for  a  range 
of  scales  around  the  observed  100'*'  did  not  show  any  sigmfi- 
cant  peak.  The  direct  resonance  theory  (Jang  et  J986)  is 
based  on  the  same  linear  mechanism  but  for  oblique  distur¬ 
bances,  whereby  oblique  rolls  create  large  oblique  streaks.  A 
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the  case.  In  fact  the  largest  responses  occur  for  downstream 
modes  which  do  not  show  any  significant  scale  selection  as 
stated  above  Fuithcrmore  the  analysis  of  the  numerical  ex- 
jieriinents  indicates  that  the  dwusfream  rolls  are  created 
owing  to  the  self-interaction  of  the  oblique  rolls  rather  than 
that  of  the  oblique  streaks 

Our  conclusion  is  that  the  scale  selection  comes  from  the 
complete  self-sustaining  nonlinear  mechanism  which  consists 
of  the  creation,  destruction  and  regeneration  of  the  streaks 
The  observed  characteristic  scale  of  about  100  wall  units 
corresponds  to  a  crincal  Reynolds  number  for  that  process, 
below  which  it  would  not  be  self-sustaining  This  establishes 
a  link  between  the  100*^  streak  spacing  and  critical  Reynolds 
numbers  below  which  turbulent  flows  can  not  be  maintained 
Numerical  investigations  support  this  view  and  a  more  com¬ 
plete  account  of  that  work  will  be  presented  in  a  forthcoming 
publication 
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Figure  5.  Contours  of  streamwise  velocity  fluctuations 
at  four  different  time  (time  increases  from  top  to  bottom) 
are  shown  here  to  illustrate  the  formation  and  breakdown  of 
streaks  in  a  marginal  plane  Couette  flow  Contours  shown 
here  are  drawn  m  the  (x,  z)-plane  in  the  middle  of  the  chan¬ 
nel,  and  darker  contours  represent  regions  of  high  or  low 
{relative  to  the  local  mean)  streamwr  i^locity.  The  stream- 
wise  extent  of  the  figure  correspond. >  to  about  6  2  channel 
half  width. 
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pan  of  these  large  oblique  streaks  then  interact  noniuic:u’ly 
to  yield  downstream  rolls,  which  themselves  create  down¬ 
stream  streaks  In  the  direct  resonance  theory,  the  scale 
selection  comes  from  the  fact  that  the  creation  of  oblique 
streaks  by  oblique  rolls  would  be  more  efficient  for  s»)me 
particular  scales.  Unfortunately,  this  was  not  found  be 
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ABSTRACT 

We  investigate  the  far-field  evolution  of  large-scale 
structures  in  both  a  natural  and  circularly  forced  round 
turbulent  {Re  =  4000)  (water  jet  Sequential  axial 
PLIF  cross  sections  are  acquired  of  the  flow,  resulting 
in  a  2D  time-dependent  (x  -  y  -  t)  dataset.  Af¬ 
ter  appropriate  digital  image  processing,  the  marching 
cubes  algorithm  is  used  to  extract  a  3D  isovalue  sur¬ 
face  from  the  volume  This  surface  compactly  shows 
the  global  far-field  {x/d  >  30)  evolution  of  the  flow 
In  both  flows  the  3D  surfaces  clearly  show  the  far- 
field  existence  and  evolution  of  large-scale  organized 
structures.  As  expected,  the  helical  instability  mode 
IS  dominant  in  the  far-field  of  the  natural  jet.  Circular 
forcing  amplifies  this  helical  mode,  and  increases  its 
spreading  rate. 

INTRODUCTION 

Although  the  existence  and  nature  of  large-scale 
or  coherent  structures  has  been  exhaustively  investi¬ 
gated  in  the  fully  developed  or  far-field  region  of  mix¬ 
ing  layers  (Brown  &  Roshko  [1974]),  there  has  been 
surprisingly  little  work  on  large-scale  structures  in  the 
far-field  region  of  turbulent  round  oraxisymmetricjets. 
In  the  near  field  of  the  jet,  the  early  work  of  Crow  & 
Champagne  fl971)  showed  the  existence  of  "a  large- 
scale  orderly  pattern,”  However,  the  inherent  three- 
dimensionality  of  these  structures  in  the  far-field  made 
them  difficult  to  detect  until  newer  diagnostic  and  im¬ 
age  processing  techniques  allowed  interior  details  of 
the  flow  to  be  visualized  (Hesselink  1988).  Dimotakis 
et  a/.  (1983)  were  among  the  first  to  present  evidence 
of  far-field  organized  motion  using  x-t  diagrams  from 
a  movie  sequence  of  planar  laser  induced  fluorescence, 
or  PLIF,  axial  cross  sections  of  a  Jet  Given  large- 
scale  structures  in  the  far-field  of  three-dimensional 
free  shear  flows,  we  are  interested  in  answering  two 
major  questions  in  this  work:  1)  how  do  these  struc¬ 
tures  evolve  over  time’;  and  2)  what  is  the  effect  of 
circular  (instead  of  axial)  forcing  on  the  supposedly 
dominant  helical  instability  modc^ 

Our  approach  involves  acquiring  a  sequence  of 
PLIF  axial  cross  sections  of  both  a  natural  and  cir¬ 
cularly  forced  turbulent  round  jet  under  identical  con¬ 
ditions  {Re  =  4000)  We  analyze  the  experimental 
results  (consisting  of  millions  of  measurements  of  the 


jet  fluid  concentration)  by  stacking  the  set  o^  images 
(frames)  sequentially  to  form  a  x  -  y  -  t  volume  and 
extracting  an  isoconcentration  (isovalue)  surface  from 
the  data.  With  proper  image  processing  this  surface 
shows  the  evolution  of  large-scale  structures  in  the 
flow  both  inside  and  Bl  the  surface  of  the  jet. 

This  three-dimensional  visualization  technique  is 
useful  for  revealing  aspects  of  the  instantaneous  flow 
physics,  but  the  method  is  computationally  intensive, 
which  makes  acquiring  flow  statistics  difficult  For  ex¬ 
ample,  the  relatively  brief  20  s  sequences  used  here 
each  consist  of  100  449  x  351  images,  resulting  in 
about  15MB  of  raw  data.  Since  we  would  need  a 
record  many  times  longer  to  perform  any  statistical 
analysis,  the  memory  required  merely  to  store  the  data 
and  the  additional  resources  required  to  compute  their 
statistics  are  impractical.  With  da*a  compression  and 
faster  computers  these  difficulties  may  be  overcome, 
but  at  present  we  consider  that  our  approach  com¬ 
plements  the  work  of  researchers  such  as  Tso  &  Hus¬ 
sain  (1989),  who  used  conditional  sampling  of  point 
measurements  of  the  velocity  field  to  detect  organized 
structures  and  calculate  the  probability  of  their  oc¬ 
curence. 

Related  volumetric  visualization  techniques  have 
also  been  used  on  other  flows  Jimdnez  et  a/.  (1985) 
first  used  volume  rendering  in  the  mixing  layer,,  while 
Agiif  &  Hesser..K  (1988)  visualized  in  three  dimensions 
the  near  field  of  a  pulsed  coflowing  jet.  In  both  of  these 
cases,  Taylor’s  hypothesis  was  used  to  relate  time  to 
space,  and  therefore  the  reconstructed  object  resem-- 
bles  the  flow  seen  in  the  experiment  More  recently, 
Mungal  et  al  (1991)  have  used  volume  rendering  to 
investigate  the  dynamics  of  high  Re  (2  x  10®)  jets 
Their  x—y—  t  volumes,  which  bear  little  resemblance 
to  the  actual  flow,  are  the  three-dimensional  analogs 
of  the  X  -  t  diagram,  and  show  evolution  and  pairing 
of  large-scale  organized  structures. 

Our  technique  of  isovalue  reconstruction  differs 
from  volume  rendering  in  that  it  extracts  and  recon¬ 
structs  a  single  surface  from  a  volumetric  dataset, 
while  volume  rendering  uses  transparency  to  render  the 
entire  dataset  as  a  single  object.  Since  volume  render¬ 
ing  reveals  all  structures  simultaneously,  its  results  are 
often  difficult  to  interpret  because  of  the  lack  of  high- 
contrast  and  easily  recognizable  internal  structures  in 
turbulent  flows.  In  fact,  Mungal  et  al.  have  elimi¬ 
nated  the  transparency  from  their  volume  renderings. 


creating  an  opaque  outer  isovalue  surface,  to  avoid 
confusion  Our  technique  (Ning  &  Hesselink  [1991]) 
provides  a  more  accessible  interpretation  of  the  flow, 
and  has  the  additional  advantage  ot  being  considerably 
less  computationally  intensive 

EXPERIMENT 

The  flow  visualized  here  is  a  round  turbulent  jet 
with  a  Reynolds  number  based  on  the  nozzle  diameter 
{do  =  0  48  cm)  of  4000  Pressurized  air  drives  water 
containing  4  x  10“^  M  disodium  fluorescein  from  a 
reservoir  tank  out  the  nozzle  at  a  steady  exit  velocity 
into  a  hexagonal  tank  of  still,  clear  water  about  1  m 
deep  The  dyed  fluid  is  pushed  through  a  honeycomb 
section  in  the  reservoir  tank  before  exiting  the  nozzle 
to  eliminate  swirl  The  Jet  nozzle  can  be  forced  either 
circularly  or  axially  with  a  variable  speed  motor.  Both 
the  hexagonal  and  reservoir  tanks  are  filled  and  al¬ 
lowed  to  sit  for  at  least  three  hours  before  each  run  to 
eliminate  stray  currents  and  temperature  differences 
Since  the  mean  turbulent  “flame  length”  becomes  in¬ 
dependent  of  Re  above  3000  (Broadwell  &  Mungal 
1991),  our  flow  should  be  fully  turbulent 

We  illuminate  the  flow  along  the  jet  axis  from  the 
side  with  a  light  sheet  1  mm  thick  from  a  20  W  copper 
vapor  laser  (MetaLaser  Model  2S1)  pulsed  at  6  kHz. 
Each  40  ns  laser  pulse  is  brief  enough  to  effectively 
freeze  the  flow  within  a  slice  The  sheet  illuminates  the 
region  ZOdo  to  83d<,  downstream  of  the  nozzle;  this 
corresponds  to  1.5-4  local  jet  diameters  {d  =  0.44x, 
where  x  is  the  downstream  location)  in  the  far-field 
of  the  jet.  The  optics  for  forming  the  light  sheet  are 
designed  so  that  the  relatively  thick  light  sheet  has 
a  Rayleigh  range  slightly  greater  than  the  region  of 
interest  The  images  are  acquired  at  normal  incidence 
by  a  VHS  videocamera  (JVC  Model  GF-700)  with  a 
0  1  ms  shutter  at  the  rate  of  30  Hz.  Each  videotape 
frame  therefore  images  a  single  pulse  of  the  laser,  and 
the  laser  pulses  are  synchronized  with  the  videocamera 
framing  rate 

Individual  frames  of  the  videotape  are  digitized  at 
a  rate  of  5  Hz;  the  interframe  spacing  is  then  0.2  s 
vs.  local  characteristic  times  tc  of  0.4-2. 8  s  (fc  = 
d/uc,  where  Uc,  the  centerline  velocity,  is  related  to 
the  initial  nozzle  velocity  Uo'  Uc/Uo  =  6  2/{x/do)). 
Frames  are  acquired  from  6  4  to  26.4  s  after  the  start 
of  the  jet,  resulting  in  100  images  per  dataset  This 
time  range  gives  us  data  on  fully  developed  flow  with 
no  wall  (or  floor)  effects 

These  8-bit  images  are  downloaded  to  a  Silicon 
Graphics  Iris  workstation  (Model  4D/220GTX),  and 
expanded  with  linear  interpolation  in  the  horizontal  (y) 
coordinate  by  1.684  to  square  the  rectangular  video 
pixels  We  then  ensemble  average  the  100  images,  ex¬ 
tract  the  concentration  Co(x)  along  the  vertical  cen¬ 
terline  (/.e.  the  jet  axis)  of  the  average  and  rescale  the 
average  as  well  as  the  entire  dataset  row  by  row  by  the 
vector  ro{x)  =  255/co(x)  The  centerline  concentra¬ 
tion  of  each  image  is  therefore  self-similarly  rescaled 
to  be  constant  and  maximum  along  the  centerline,  in¬ 


stead  of  decaying  as  l/x  This  rescaling  is  crucial  if  we 
wish  to  follow  the  structures  as  they  spread  and  diffuse 
downstream.  The  100  gray  scale  images  are  stacked 
sequentially  to  form  a  x  -  y  -  t  volume  (Fig  1),  and 
median  and  uniformly  lowpass  filtered  over  a  3x3x3 
set  of  sample  points  to  remove  artifacts  and  reduce 
noise.  Finally,  since  we  are  interested  only  in  the  large- 
scale  structures  of  the  flow,  the  images  are  smoothed 
twice  with  a  uniform  lowpass  filter  over  a  5x5  window 
to  suppress  the  smaller  spatial  scale  details 

Isoconcentration  surfaces  at  a  specified  threshold 
(in  both  cases  170  out  of  255  gray  scales)  are  recon¬ 
structed  from  the  filtered  images  using  the  marching 
cubes  algorithm  (Lorensen  and  Cline  [1987])  This  al¬ 
gorithm  thresholds  the  volume  at  the  specified  value 
and  uses  linear  interpolation  between  the  images  to  re¬ 
construct  a  surface  consisting  of  triangles.  The  num¬ 
ber  of  triangles  in  the  surface  is  a  rough  measure  of 
the  convolution  of  the  surface.  These  surfaces  can 
then  be  viewed  with  an  interactive  display  program 
which  rotates  or  translates  the  isovalue  surface  in  real 
time.  The  capabilities  of  our  in-house  software  are  il¬ 
lustrated  and  described  in  more  detail  in  Yoda  &  Hes¬ 
selink  (1990).  Less  than  half  an  hour  of  CPU  time  is 
required  on  the  Iris  workstation  to  reconstruct  these 
surfaces,  which  occupy  about  50MB  of  memory  each 

RESULTS 

From  various  analyses  of  the  stability  of  the  ax- 
isymmetric  jet  in  the  far-field,  it  is  known  that  for 
normal  mode  disturbances  the  two  most  common  in¬ 
stability  modes  present  in  this  flow  are  the  n=0  or 
axisymmetric  mode,  which  produces  a  vortex  ing-like 
structure,  and  the  n=l  or  helical  mode,  whn-n  pro¬ 
duces  a  single  helix.  Batchelor  L  Gill  (1962)  con¬ 
cluded  from  their  analysis  that  the  helical  mode  is 
the  only  mode  which  would  produce  amplified  distur¬ 
bances  in  an  inviscid  jet.  Fig.  2  shows  a  sketch  of  the 
proposed  far-field  instantaneous  scalar  or  concentra¬ 
tion  field  of  the  jet  for  the  axisymmetric  (from  Dahm 
[1985])  as  well  as  the  helical  (from  Mungal  &  O'Neil 


Figure  1.  Schematic  of  image  stacking  for  isovalue 
surface  extraction 
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Figure  2.  The  proposed  far-field  instantaneous  con¬ 
centration  fields  of  a  round  turbulent  jet  in  the  ax- 
isymmetric  (left)  and  helical  (right)  modes.  Arrows 
indicate  entrainment  of  external  fluid.  The  darkest 
shading  corresponds  to  the  highest  concentration  fluid 


Figure  3.  First  (left)  and  last  (right)  images  of  the 
natural  jet  dataset  (6.4  and  26  4  s,  respectively,  after 
the  start  of  the  jet).  Flow  in  the  449  row  by  351 
column  pictures  goes  from  bottom  to  top.  We  have 
deliberately  limited  the  number  of  distinct  gray  scales 
to  5  instead  of  the  usual  255  to  better  enhance  the 
contrast  between  different  gray  scale  levels  (black=0, 
white=25S). 


Figure  4.  Natural  jet  isovalue  surface  at  threshold 
170  out  of  255. 


[1989])  mode.  These  sketches  implicitly  assume  the 
Lagrangian  mixing  picture  of  Broadwell  and  Breiden- 
thal  (1982)  where  external  fluid  is  entrained  by  the 
large-scale  structures  and  is  molecularly  mixed  at  the 
smaller  spatial  scales  Now  if  the  entire  shaded  area 
corresponds  to  an  interior  axial  view  of  the  jet,  only 
the  left  and  right  edges  of  this  area  would  be  visible 
in  our  surfaces.  The  bumps  on  these  edges  should 
then  become  "bands"  on  the  side  surfaces  (the  x  -  f 
plane)  of  the  x  -  y  -  t  volume.  And  by  comparing  the 
left  and  right  side  of  the  isovalue  surface  and  seeing  if 
they  are  in  or  out  of  phase,  we  will  be  able  to  deter¬ 
mine  whether  the  natural  jet  is  in  the  axisymmetric  or 
helical  mode,  respectively. 

Two  types  of  jet  flow  are  presented  here,  both  at 
Re  —  4000:  a  natural  jet  and  a  circularly  excited  jet 
(Strouhal  number  St  =  0  3)  with  a  forcing  amplitude 
of  1  5  mm  (»  0  3do)  The  fundamental  associated 
with  forcing  at  this  critical  St  is  "the  most  dispersive 
wave  on  a  jet  column"  (Crow  L  Champagne)  Both 
datasets  are  obtained,  processed  and  reconstructed 
under  identical  conditions. 

The  natural  jet 

Fig.  3  shows  the  fiist  and  last  images  from  our 
dataset,  while  Fig.  4  shows  the  corresponding  three- 
dimensional  isovalue  surface  In  this  view  the  down¬ 
stream  coordinate  x  increases  from  bottom  to  top,  and 
time  progresses  from  left  to  right  A  point  light  source 
IS  placed  infinitely  faraway  in  the  upper  left-hand  cor¬ 
ner  to  highlight  the  parallel  bands  in  the  Gouraud 
shaded  surface  which  are  the  large-scale  structures 
traveling  downstream  (up)  as  time  progresses  (to  the 
right).  We  see  from  their  spacing  that  these  coherent 
structures  increase  in  size  as  the  local  jet  diameter  in¬ 
creases.  The  number  of  bands  or  structures  evident 
at  the  top  (x  =  83do)  is  le”  than  that  at  the  bottom 
(x  =  30do).  Since  the  structures  are  of  the  dimen¬ 
sion  of  the  local  jet  diameter  d,  which  scales  with  x, 
the  structures  must  grow  either  by  entraining  external 
fluid  or  by  pairing  to  produce  a  yet  larger  structure 
(Dahm). 

The  speed  of  the  coherent  structures  (/  e  the  slope 
of  the  bands)  seems  to  decrease  with  downstream  dis¬ 
tance.  We  do  not,  however,  see  a  continuous  1/x 
decay  in  the  slope,  which  would  be  expected  on  the 
average  from  the  scaling  of  the  local  average  centerline 
velocity.  This  result  agrees  with  the  one-dimensional 
findings  of  Dimotakis  et  a/.,  who  observed  that  the 
speeds  in  their  jets  decreased  abruptly  with  each  pair¬ 
ing  event,  and  that  the  average  velocity  seemed  to 
decrease  "smoothly  and  monotonically  only  in  an  en¬ 
semble  average  sense." 

A  more  interesting  result  is  the  frequency  with 
which  the  coherent  structures  occur — they  appear  to 
be  present  at  all  times  in  the  flow — and  the  large 
downstream  distance  (in  some  cases  the  full  down¬ 
stream  view  of  53du)  over  which  these  structures 
maintain  themselves.  Tso  &  Hussain  conservatively 
estimated  from  the  results  of  their  conditional  sam¬ 
pling  scheme  that  large-scale  structures  (whether  ax- 


6-1-3 


isymmetric  or  helical)  existed  in  the  jet  about  15% 
of  the  tune,  but  our  results  show  that  these  struc¬ 
tures  are  always  present,  The  robustness  of  the  co¬ 
herent  structures  agrees  with  the  results  of  Tso  ef  at. 
(1981),  who  concluded  from  hot-wire  measurements 
that  structures  on  the  order  of  the  local  jet  diameter 
d  persist  for  up  to  Zd  downstream  As  a  further  note, 
we  observe  that  these  surfaces  at  Re  =  4000  are  very 
similar  to  those  seen  by  Mungal  et  al  for  the  natural 
jet  at  Re  =  2  xlO®. 

Lastly,  what  is  the  instability  mode  of  these  struc¬ 
tures?  Since  we  are  interested  in  analyzing  the  entire 
volume,  rather  than  examining  the  individual  images, 
we  decided  to  try  to  examine  the  axi-  or  antisymme¬ 
try  of  the  three-dimensional  isovalue  surface  about  its 
X  -  t  central  plane.  This  approach  allows  us  to  qual¬ 
itatively  analyze  the  surface,  instead  of  using  more 
difficult  quantitative  correlation  techniques  (which  we 
are  presently  pursuing).  Each  image  is  flipped  around 
its  vertical  centerline  (whose  location  is  actually  de¬ 
termined  from  the  ensemble  average),  and  is  aver¬ 
aged  with  its  original  version  to  produce  an  image 
that  IS  vertically  symmetric  (Fig.  5)  Now  if  there 
exists  sufficient  overlap  between  the  image  and  its  flip 
and  the  gray  scales  in  the  images  vary  smoothly  along 
the  horizontal  coordinate,  the  symmetric  surface  re¬ 
constructed  from  these  images  at  the  same  threshold 
(170  out  of  255)  should  be  qualitatively  smoother  than 
the  isovalue  surface  shown  in  Fig.  4.  We  should  there¬ 
fore  see  little  difference  between  the  symmetrized  and 
original  surface  where  the  jet  is  in  the  (axi)symmetric 
mode,  and  a  significant  difference  where  the  jet  is  in 
the  helical  or  antisymmetric  mode. 

Fig.  6  shows  the  symmetrized  version  of  the  surface 
in  Fig.  4  It  is  obviously  much  smoother,,  even  to  the 
extent  of  almost  completely  eliminating  the  bands  at 
the  lower  downstream  locations  The  surface  m  Fig  6 
IS  about  700,000  triangles,  while  the  surface  in  Fig.  4 
IS  about  900,000,  indicating  more  surface  convolution 
Two  regions  seem  to  be  consistent  between  the  sym¬ 
metrized  and  original  surfaces — the  upper  left  hand 
corner,  and  the  rightmost  band  of  the  dataset,  indi¬ 
cating  that  the  jet  is  axisymmetric  there.  The  sharp 
contrast  between  the  two  surfaces  implies  that  the  jet 
probably  switches  between  these  two  modes  at  differ¬ 
ent  instances  of  time,  instead  of  following  a  mixture 
of  both  modes  at  all  times.  Hence  our  results  sug¬ 
gest  that  the  helical  mode  is  the  more  dominant  one 
in  the  far-field  of  the  round  turbulent  jet,  as  predicted 
by  Batchelor  &  Gill  and  also  shown  by  Tso  i  Hussain 
It  is  important  to  remember  that  swirl  has  been  elim¬ 
inated  in  the  jet,  so  there  are  no  helical  components 
in  the  initial  conditions  of  our  flow. 

The  circularly  forced  jet 

Fig.  7  shows  the  first  and  last  images  from  our 
circularly  forced  (St  =  0  ?)  dataset.  Note  the  strong 
antisymmetry  of  the  axial  cross  section  and  how  much 
the  outer  boundary  deviates  from  the  centerline  as 
compared  with  Fig  3,  Fig  8  shows  the  correspond¬ 
ing  isovalue  surface.  The  orientation  of  the  surface  is 


the  same  as  for  Figs  4  and  6  The  same  "bands"  are 
evident,  and  they  appear  to  be  deeper  because  of  the 
forcing  than  those  for  the  natural  jet  (this  surface  is 
about  1  1  million  triangles,  vs  900,000  for  Fig  4) 


Figure  5.  Flipped  version  (left)  of  the  first  image 
of  the  natural  jet  (Fig  3  left)  and  its  average  image 
with  the  original  (right).  Note  how  much  smoother 
the  outlines  of  the  averaged  image  are  compared  with 
the  original  and  its  flipped  version. 


Figure  6.  Symmetrized  surface  for  natural  jet  at 
threshold  170  out  of  255.  This  isovalue  surface  is 
from  the  averaged  images  (example  shown  in  Fig.  5 
right). 


Figure  7.  Similar  to  Fig.  3,  but  for  the  circularly 
forced  jet  dataset. 
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The  structures  again  increase  m  extent  and  decrease 
in  velocity  as  the  jet  progresses  downstream  We  no¬ 
tice  here,  too,  that  the  coherent  structures  are  present 
at  all  times  in  the  flow,  and  that  they  maintain  them¬ 
selves  over  most  of  the  downstream  range  shown. 

The  most  interesting  result  from  this  dataset  arises 
from  our  two-dimensional  ensemble  average.  If  one 
looks  at  the  rescaled  ensemble  average  from  the  forced 
jet  and  compares  it  to  that  for  the  natural  jet  (Fig  9), 
the  increase  in  the  spreading  rate  of  the  jet  is  clearly 
evident  Using  the  first  visible  edge  (around  a  gray 
scale  level  of  50  out  of  255,  or  20%  of  the  centerline 
concentration),  the  natural  jet  has  a  spreading  angle 
of  about  19°,  while  the  forced  jet  has  a  spreading 
angle  of  about  22°.  Our  results  in  the  far-field  are 
not  as  striking  as  those  of  Lee  (1985),  who  reported  a 
near-field  spreading  angle  of  50°  at  the  same  St  with 
circular  forcing  of  amplitude  8%  of  dg  This  increase  in 
the  angle  may  be  no  surprise,  considering  the  amount 
of  radial  momentum  that  is  initially  imparted  to  the 
flow  by  the  nozzle  forcing. 

We  also  symmetrized  this  dataset,  but  because  of 
the  greater  deviations  from  the  centerline,  the  overlap 
between  the  image  and  its  flipped  version  was  much 
smaller  and  therefore  the  difference  between  the  origi¬ 
nal  isovalue  surface  and  its  symmetrized  version  is  not 
as  significant.  Fig.  10  shows  the  symmetrized  surface 
for  the  circularly  forced  jet;  it  is  not  nearly  as  smooth 
as  the  surface  in  Fig.  6  It  is  nevertheless  noticeably 
smoother  than  the  original  surface  in  Fig.  8 — note  for 
example  in  Fig  10  the  much  shallower  corrugations  at 
the  top  of  the  surface  as  compared  with  those  in  Fig  8 
This  symmetrized  surface  is  about  800,000  triangles, 
vs  1 1  million  triangles  for  the  original  version. 

DISCUSSION  AND  CONCLUSIONS 

We  have  applied  a  new  technique  for  analyzing  and 
interpreting  large  scalar  datasets  by  extracting  an  iso¬ 
value  surface  from  a  sequence  of  axial  cross  sections  of 
a  round  turbulent  jet  This  technique  has  enabled  us 
to  easily  observe  the  evolution  of  the  turbulent  round 
jet  and  the  effects  of  circular  nozzle  forcing  on  the 
far-field  instability  modes  in  this  flow  We  wish  to 
emphasize  that  our  technique  gives  results  that  could 
not  have  been  readily  obtained  using  more  traditional 
approaches  Although  no  may  have  some  impression 
of  large-scale  structures  ..  the  overall  zigzag  shape  of 
the  jet  while  watching  the  videotape  of  the  flow,  their 
frequency,  robustness,  velocity  and  mode  are  all  much 
more  readily  evident  in  the  x  -  y  -  f  isosurface  rep¬ 
resentation  Furthermore,  all  of  our  two-dimensional 
data  (vs.  point  measurements)  are  represented  in 
our  results,  and  the  data  are  not  preconditioned  We 
therefore  believe  that  the  results  here  more  fully  cap¬ 
ture  the  physics  of  this  flow. 

We  see  that  large-scale  structures  exist  at  every 
instant  of  time  in  the  far-field  of  both  the  natural  and 
circularly  forced  turbulent  round  jet  at  Re  =  4000. 
The  coherent  structures  increase  in  extent  as  the  local 
jet  diameter  d  increases,  and  their  convection  speed 
decreases  as  the  local  jet  centerline  velocity  Uc{x)  de¬ 


creases  They  are  surprisinviv  robust  in  many  cases 
maintaining  themselves  over  the  entire  downstream 
distance  observed  (about  three  to  four  local  jet  di¬ 
ameters).  The  helical  instability  mode  is  the  more 


Figure  8.  Similar  to  Fig  4,  but  for  the  circularly 
forced  jet  dataset 


Figure  9.  Ensemble  averages  over  100  jet  cross  sec¬ 
tions  for  both  the  natural  (left)  and  circularly  forced 
(right)  datasets. 


Figure  10.  Symmetrized  surface  for  the  circularly 
forced  jet. 
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dominant  mode  in  the  far-field  of  the  natural  jet  as 
predicted  by  Batchelor  and  Gill. 

Circular  forcing  of  the  nozzle  has  a  pronounced  ef¬ 
fect  on  the  far-field  structure,  amplifying  the  helical 
mode  of  the  jet  The  spreading  angle  of  the  forced  Jet 
increases  by  about  15%  from  the  natural  jet  because  of 
the  additional  radial  momentum  imparted  by  the  noz¬ 
zle  forcing.  To  our  knowledge,  these  are  the  first  far-- 
field  measurements  on  the  circularly  forced  turbulent 
round  jet.  The  omnipresence  of  these  coherent  struc¬ 
tures  in  both  types  of  jets  suggests  that  they  play  a 
significant  role  in  the  physics  of  three-dimensional  free 
turbulent  shear  flows  (perhaps  in  mixing  as  suggested 
by  Broadwell  &  Breidenthal). 

Until  now,  this  new  volumetric  visualization  tech¬ 
nique  has  have  been  used  to  extract  mainly  qualitative 
features  of  the  flow.  However,  this  technique  can  and 
should  be  extended  to  obtaining  quantitative  results 
We  therefore  plan  to  next  obtain  the  instantaneous 
three-dimensional  quantitative  concentration  field  of 
these  flows  at  various  Re  (by  sweeping  the  laser  light 
sheet],  and  to  further  develop  quantitative  data  anal¬ 
ysis  techniques 
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ABSTRACT 

EzptTMTitnial  mfasixTtmtnU  of  naiMrally  occurring  »n- 
siabthiy  modes  in  the  axisymmetnt  shear  layer  of  a  high 
Reynolds  number  turbulent  jet  are  presented  The  region 
up  to  the  end  of  the  potential  core  war  dominated  by  the 
axisymmetric  mode.  The  azimuthal  modes  dominated  only 
downstream  of  the  potential  core  region  The  energy  con^ 
tent  of  the  higher  order  modes  (m  >  1}  was  significantly 
lower  than  that  of  the  axisymmetric  and  m  =  d:l  modes 
Under  optimum  condition!,  twe  frfquer.cy  txctiatmn  (hoik 
flt  m  =:  OJ  too!  more  effective  than  single  freo  .eu^v  ex¬ 
citation  (at  tn  =s  Oj  for  jet  spreading  enhancement.  An 
extended  region  of  the  jet  was  controlled  by  forcing  comp- 
inations  of  both  axisymmetric  (m  =  0)  and  helical  modes 
(m  =  ±1^  Higher  spreading  rates  were  obtained  when 
multi-modal  forcing  was  applied 

INTRODUCTION 

The  study  of  the  fundamental  aspects  of  natural  jets 
as  well  as  their  excitability  and  control  is  of  great  practi¬ 
cal  importance  and  shows  promise  for  enhancing  mixing, 
controlling  separation  and  reducing  jet  noise 

Although  a  vast  body  of  data  exists,  most  of  the  obser¬ 
vations  have  been  made  in  idealiz' d  “clean”  jet  flows  There 
IS  a  need  for  studying  these  phen  'mena  in  jets  that  are  more 
representative  of  industrial  applic.  ions,  i  e  ,  high  Reynolds 
number,  fully  turbulent  initial  condition,  and  high  core  tur¬ 
bulence  In  addition,  the  focus  needs  to  be  at  and  beyond 
the  potential  core  Such  an  understanding  is  essential  if  any 
further  progress  is  to  be  made  in  the  application  of  these 
techniques  to  technologically  relevant  situations. 

In  a  jet  excited  by  naturally  occurring  disturbances, 
the  large  scale  coherent  structures  occur  over  a  band  of  fre¬ 
quencies  and  over  various  azimuthal  mode  numbers.  The 
nature  of  these  structures  has  frequently  been  characterized 
using  correlation  functions  (Drubka,  1981,  Sreenivasan, 
1984,  ChEUi,  1977,  Gutmark  ct  al  ,  1988)  Correlations  of 
streamwise  velocity  with  circumferential  sepaiation  can  in¬ 
dicate  the  relative  dominance  of  the  axisymmetric  or  the 
azimuthal  waves  For  example,  the  correlations  are  inde¬ 
pendent  of  circumferential  separation  if  the  flow  consists 
of  circular  vortex  nrgs  If  the  correlations  show  a  circum¬ 
ferential  dependence,  they  may  be  due  to  azimuthal  waves 
developing  on  the  circular  vortex  rings,  or  by  a  transverse 
flapping  of  the  jet.  The  modal  spectrum  representation 
provides  the  capability  of  resolving  the  naturally  occurring 
axisymmetric  and  azimuthal  modes  over  a  range  of  frequen¬ 
cies 

Sample  mode  spectra  have  been  reported  i*rcvii;,’-.ly 
(Petersen  et  ai.,  1987)  but  have  not  been  umU  to  cliarac- 
tenze  the  evolution  of  the  various  instability  modes  trig¬ 
gered  by  natural  disturbances,  Drubka  (1981  j  examined 
the  evolution  of  modes  in  an  unexcited  jet  for  both  lami¬ 
nar  and  turbulent  exit  conditions  at  various  levels  of  core 


turbulence  However,  most  of  the  measurements  reported 
were  for  z/D  <  1  at  a  Reynolds  number  of  42,000  FVom 
the  standpoint  of  practical  applications  there  is  a  need  to 
.study  the  evolution  of  modes  over  an  extended  region  of 
the  jet  and  at  more  representative  Reynolds  numbers 

There  have  been  several  other  investigations  of  msta- 
bihty  modes  in  jets  (Kusel  et  ol ,  1989;  Corke  el  al ,  1991) 
In  these  studies,  a  verj  low  level  of  excitation  was  used  to 
organize  shear  layer  instabilities  and  to  raise  the  large  scale 
coherent  structures  over  the  background  levels,  m  addition 
to  providing  a  phase  reference  for  the  measurements.  Even 
though  the  levels  of  excitation  were  of  the  same  order  as  the 
naturally  occurring  fluctuations,  the  jet  displayed  different 
characteristics  For  example,  in  the  work  of  Corke  et  al,, 
1991v  low  amplitude  acoustic  excitation  of  the  jet  at  the 
natural  fundamental  frequency  of  the  axisymmetric  mode 
suppressed  the  occurrence  of  the  helical  modes  observed  by 
Drubka,  1981.  in  the  same  jet  facility  For  this  reason,  it  is 
necessary  to  document  the  evolution  of  natural  instability 
modes  without  any  acoustic  excitation 

Cohen  and  Wygnanski  (1987-a)  calculated  the  natural 
evolution  of  disturbances  m  the  axisymmetric  mixing  layer. 
Linear  stability  analysis  was  applied  to  a  family  of  mean 
velocity  profiles  for  the  first  seven  azimuthal  modes  after 
a.ssuming  that  the  flow  is  inviscid  and  quasi-paralleJ  These 
calculations  showed  that  at  x/D  =  0  125  the  amplification 
rates  of  the  first  four  azimuthal  modes  are  almost  indistin¬ 
guishable  from  one  another  As  the  mixing  layer  widens  the 
relative  importance  of  the  azimuthal  modes  diminishes  and 
at  the  end  of  the  potential  core,  only  the  m  =  1  and  the 
m  =  0  modes  remain  amplified  Their  calculations  reveal 
that  at  the  end  of  the  potential  core,  mode  1  emerged  as  the 
dominant  instability  This  was  also  preditted  by  M'chalke 
end  Hermann  (1982)  and  Batchelor  and  Gill  (1962),  and 
reported  by  Mattingly  and  Chang  (1974)  and  Zaman  and 
Hussain  (1984)  It  is  suggested,  therefore,  that  the  m  =s  1 
azimuthai  mode  is  prevalent  at  the  end  of  the  potential  core, 
and  one  expects  tlus  mode  to  control  the  evolution  of  the 
fully  developed  jet,  However,  the  experimental  evidence  for 
the  existence  of  spinning  modes  in  high  Reynolds  number 
jets  has  been  rather  sketfhy.  Direct  proof,  through  detailed 
measurements,  has  yet  to  substantiate  these  findings 

The  degree  of  jet  spreading  offered  by  single  frequency 
plane  wave  excitation  may  not  seem  attractive  enough  to 
pursue  for  practical  applications  However,  when  the  “pre¬ 
ferred  mode”  frequency  becomes  neutrally  stable,  its  sub¬ 
harmonic,  which  IS  then  amplifying  near  its  maximum  rate, 
ran  Kp  used  to  cause  further  mixing  cnhcuttcineut  The  de¬ 
velopment  of  a  subharmonic  in  a  free  shear  layer  has  been 
observed  by  several  researchers  An  analysis  was  presented 
by  Kelly  fl967)  which  showed  that  there  exists  a  mecha¬ 
nism  for  the  generation  of  a  subharmonic  wave  in  the  case 
of  a  flow  with  a  hyperbolic  tangent  velocity  profile  It  was 
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shown  later  by  Ho  and  Huang  (1982)  that  the  spreading 
rate  of  a  mixing  layer  can  be  manipulated  significantly  by 
forcing  near  the  subharmonic  of  the  preferred  frequency 

Furthermore,  when  the  shear  lajer  is  excited  Minul- 
taneously  by  the  fundamental  and  subharmonic.  an  inter¬ 
action  could  occur  leading  to  a  large  augmentation  of  the 
subharmonic  amplitude  Some  aspects  of  this  problem  have 
been  addressed  by  Ho  and  Huang  (1982),  Mankbadi  (1985), 
Monkewitz  (1988),  Cohen  and  Wygnanski  {1987'b),  and  Ng 
and  Bradley  (1988). 

There  have  been  no  experiments  reporting  two- 
frequency  interactions  and  their  effect  on  the  spreading  rate 
of  higli  Reynolds  number  (~  10*)  jets  with  a  turbulent  ini¬ 
tial  condition,  possibly  because  the  levels  of  excitation  re¬ 
quired  to  bring  about  the  two-frequency  interaction  in  these 
jets  are  too  high  to  be  provided  by  conventional  acoustic 
dnvers  In  addition  the  two  frequency  experiment  is  com¬ 
plicated  by  a  multitude  of  parameters  which  need  accurate 
documentation  For  example,  the  work  of  Ng  and  Bradley 
(1988)  at  a  Re(D)  of  about  16,000,  documents  the  phase 
difference  betwc*en  the  two  waves  and  their  amplitudes  in 
the  input  signal,  which  would  be  completely  different  from 
that  present  in  the  flow  at  the  jet  exit  There  is  therefore  a 
need  for  a  controlled  parametric  study  of  the  effects  of  two- 
frequency  excitation  on  a  high  Reynolds  number  jet  with  a 
turbulent  nozzle  exit  boundary  layer 

However,  two-frequency  plane  wave  excitation  also  has 
Its  limitations  since  the  axisyminetric  mode  only  domi¬ 
nates  up  to  the  end  of  the  potential  core  (Batchelor  and 
Gill  (1962))  Control  in  the  region  downstream  can  be 
gained  only  by  forcing  modes  that  are  amplified  in  that 
region  Documented  attempts  to  control  the  spreading 
rate  of  a  high  Reynolds  number  turbulent  initial  condi¬ 
tion  jet  by  multi-modal  forcing  have  been  quite  limited 
The  available  data  deals  mainly  with  the  initial  region  of 
low  Reynolds  number  jets  with  laminar  nozzle  exit  condi¬ 
tions  (Strange  and  Crighton  (1983),  Cohen  and  Wygnanski 
(1987-b),  Corke  and  Kusek  (1991)) 

In  summary,  the  objective  of  the  present  work  is  to 
study  natural  as  well  as  excited  jets  under  conditions  of 
technological  relevance,  i  e  ,  high  Reynolds  number,  fully 
turbulent  initial  condition  and  with  a  focus  on  the  region 
at  and  beyond  the  potential  core 


EXPERIMENTAL  APPARATUS 

The  RXii-ymmetnc  jet  facility  (Figure  1)  consists  of  a 
30  in< '  diameter  plenum  chamber  which  is  supplied  by  40 
psi  mr  through  an  8  inch  line  Flow  control  is  made  possi¬ 
ble  through  a  main  butterfly  valve  and  a  bypass  plug  valve 
The  plenum  tank  includes  acoustic  treatment  as  well  as 
flow  straightening  and  turbulence  reduction  hardware  The 
front  end  of  the  plenum  tank  consists  of  a  contraction  whicli 
ends  in  a  3  5  inch  diameter  nozzle  with  a  10  inch  straight 
section  at  the  end  A  trip  nng  was  used  on  the  flange,  which 
attached  the  nozzle  to  the  plenum  tank  The  trip  ring  en¬ 
sured  that  the  nozzle  exit  boundary  layer  was  fully  turbu¬ 
lent  Details  of  the  trip  nng  and  the  nozzle  exit  boundary 
layer  are  documented  in  Raman  ct  al  (1989) 

The  high  amplitudes  lequired  for  the  multi-frequency 
inteiactions  were  provided  by  Ling  electro-pneumatic 
dnvees  (Model  EPT  9B)  These  drivers  operate  at  an  an 
supply  pressure  of  40  Ib/sq  inch  each,  and  are  capable  of 
producing  low  frequency  (/  <  1000  Hz)  complex  waveforms 
with  an  acoustic  power  up  to  4000  watts  The  40  psi  air 
supplied  to  the  Ling  drivers  is  exhausted  into  the  plenum 
tank  by  elbows  which  turn  the  flow  upstream  into  the  tanK 
Downsti  *ani  of  the  elbows,  a  screen  and  iioneyconib  section 
conditions  the  flow  The  exhausted  air  passed  through  this 
flow  conditioning  and  provided  the  air  flow  through  the 
nozzle  Measurements  mede  at  the  nozzle  exit  showed  that 
the  mean  axial  velocity  profiles  were  unifonnly  “top-hat” 
and  unaffected  by  this  unusual  air  supply  scheme  The 
turbulence  intensity  measured  at  the  jet  exit  was  1  5%  as 
compared  to  0  1%  for  the  normal  air  supply  scheme  (see 
Raman  et  al  (1988),  Raman  and  Rice  (1989)) 

An  azimuthal  array  of  acoustic  drivers  is  used  to  in¬ 
put  various  modes  into  the  jet  The  driver  array  consists 
of  8  acoustic  dnvers  mounted  on  a  support  ring  with  an 
equal  circumferential  spacing  The  desired  forcing  condi¬ 
tions  at  the  nozzle  exit  were  produced  as  follows  An  S 
channel  signal  generator  was  used  to  produce  variable  am¬ 
plitude  and  vonable  phase  signals  at  a  prescribed  frequency. 
Tliese  signals  were  then  amplified  and  input  to  the  acous¬ 
tic  drivers  The  unsteady  velocity  perturbation  caused  by 
the  acoustic  excitation  was  measured  at  the  jet  exit  (at 
c/D  «  0,  VIVci  =  0  8)  using  8  hot-wire  probes  and  the 
modal  content  was  determined  The  iterative  fine  tuning 
of  the  inputs  and  measurement  of  the  modal  content  at 
the  jet  exit  was  continued  until  satisfactory  forcing  condi¬ 
tions  were  obtained.  This  was  necessary  because  the  trans- 
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Figure  1  .—Schematic  of  jet  excitation  facility 
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ft-r  function  associated  with  the  system  (amplifiers,  cables, 
acoustic  drivers,  and  tubes)  caused  the  input  phases  and 
amplitudes  to  be  different  from  those  measured  at  the  jet 
exit  Tlie  radial  traversing  ring  is  used  to  traverse  8  single 
or  x-wires  simultaneously  in  the  radial  direction. 

DISCUSSION  OF  RESULTS 
Naturally  Occurring  Modes  in  a  Jet 

The  modal  decomposition  representation  at  a  discrete 
frequency  of  the  spectrum  can  be  used  to  charactenze  the 
flow  as  consisting  of  vanous  modes  of  motion  of  the  vorti* 
cal  structures  at  that  frequency  The  modal  spectrum  was 
determined  by  measuring  the  unsteady  streamwise  velocity 
using  8  hot-wircs  positioned  at  intervals  of  45*  about  the 
circumference  of  the  jet  cross-section.  Linearized  signals 
from  the  hot-wires  were  input  to  a  spectrum  analyzer  to 
obtain  cross-spectra  The  cross-spectra  are  randomly  trig¬ 
gered  ensemble  averages  over  a  long  time  interval.  Using 
the  signal  from  hot-wire  number  1  as  reference,  7  cross- 
spectrum  magnitudes  and  phases  were  evaluated  at  each 
frequency  with  the  7  cross-spectra  (magnitudes  and  phases) 
as  input  the  magnitude  and  pliase  of  the  first  3  modes  m 
the  clockwise  direction  and  the  first  3  modes  in  the  counter¬ 
clockwise  direction  v-erc  determined,  by  solving  the  7  simul¬ 
taneous  complex  equations  To  generate  the  modal  spec¬ 
trum,  the  decomposition  is  performed  at  every  frequency 
in  tlie  chosen  range  The  modal  spectrum  then  consists  of 
the  amplitude  of  the  mode  plotted  as  a  function  of  the  fre¬ 
quency  The  modal  decomposition  was  performed  at  every 
5  Hz  up  to  2000  Hz  using  8  circumferential  measurements 
providing  the  magnitude  of  modes  m  =  0,  ±1,  ±2,  ±3  as  a 
functujn  of  frequency 
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Figure  2.— Axial  evolution  of  the  natural  modes  In  a 
Circular  jet,  turbulent  initial  boundary  layer, 
velocity  measurement  at  U/Uci  -  0.8,  M  «  0.2. 
Re(D)«400  000 


Results  will  be  shown  for  one  case  at  A/  =  0.2 
(Rf(i))^  =  400,000),  with  a  coie  turbulence  intensity  of 
0  1%  and  a  turbulent  nozzle  exit  boundary  layer  The 
data  in  Figure  2(a-d)  show  that  the  energy  content  of  the 
higher  order  modes  (m  >  1)  was  significantly  lower  than 
the  m  =  0  and  m  =  ±1  modes  The  initial  region  of  the 
jet  IS  dominated  by  the  axisymmetric  mode,  whereas  the 
region  downstream  of  the  potential  core  is  dominated  by 
helical  modes  Drubka  (1981)  found  that  when  the  distur¬ 
bance  level  in  his  laminar  exit  boundary  layer  was  of  the 
order  of  5%  the  probability  of  finding  either  mode  (0  or  1) 
was  0  5,  near  the  nozzle  exit  {xfD  <  1)  The  present  work 
(Figure  2)  shows  that  the  axisymmetric  mode  is  dominant 
in  the  initial  region  But  beyond  the  end  of  the  potential 
core  {x}D  ~  6)  the  helical  modes  dominate  The  damping 
of  the  axisymmetric  mode  beyond  the  potential  core  is  in 
agreement  with  the  predictions  of  Batchelor  and  Gill  (1962) 
and  Moms  (1976) 

The  stability  analysis  of  Strange  and  Cnghton  (1983) 
predicted  that  helical  waves  would  be  more  amplified  than 
axisymmetric  waves  at  the  preferred  frequency  Even 
though  the  helical  modes  have  a  higher  growth  rate  (Raman 
(1991)),  the  initial  region  of  the  jet  is  dominated  by  the  ax- 
isymmetnc  mode.  This  result  is  attributed  to  the  type  of 
natural  disturbances  occurring  at  the  jet  lip  For  the  8  89 
cm  nozzle  used,  the  cutoff  frequency  for  all  nonaxisym- 
metne  modes  was  2270  Hz  (Skudrzyk  (1971),  page  431) 
Therefore,  acoustic  disturbances  m  the  frequency  range  of 
0  -  1000  Hz  arriving  at  the  jet  hp  tlirough  the  nozzle  are  ax¬ 
isymmetric  Some  of  these  disturbances  are  of  a  relatively 
high  amplitude  (due  to  plenum  resonances)  and  they  couple 
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with  naturally  occxurmg  disturbances  in  the  initial  region 
of  the  shear  layer  Therefore,  the  axisymmetric  “natural 
excitation”  is  much  higher  than  the  azimuthal  “natural  ex¬ 
citation”  and  this  in  turn  causes  the  initial  region  of  the  jet 
to  be  dominated  by  the  axisymmetric  mode. 

Multiple  Frequency  Axisvinmetric  Mode  (m  =  0) 
Forcing 

Figure  3  shows  the  development  of  the  paase-average  ? 
velocities  of  the  fundemental  and  subhannomc  for  the 
Strouhal  number  pair  0.3,  0.6.  The  initial  forcing  level  of 
the  fundamental  is  kept  constant,  whereas  the  forcing  level 
of  the  subharmomc  is  \’aried  from  0  1  to  3  percent,  In  Fig¬ 
ures  3(a)  to  (c),  both  the  subharmonic  peak  and  the  axial 
location  of  the  peak  depend  on  the  imtial  phase  difference 
Figure  3(d)  shows  that  the  peak  attained  by  the  subhar¬ 
monic  IS  not  highly  dependent  on  the  initial  phase  differ¬ 
ence  when  the  initial  subharmomc  forcing  level  is  high.  The 
finding  that  at  high  forcing  amplitudes  of  the  fundamental 
and  subharmomc,  the  subharmomc  is  alway.s  augmented  ir¬ 
respective  of  the  initial  phase  difference  is  not  only  useful 
but  it  will  have  a  favorable  impact  on  the  design  of  practical 
excitation  devices 

The  top  row  in  Figure  4  shows  the  development  of  the 
phase- averaged  vclonticti  along  the  jet  centerline  for  axial 
distances  up  to  9  diameters  (potential  core  length  6  di¬ 
ameters)  The  four  cases  loprcsented  arc  the  fundamental 
alone,  the  subharmonic  alone,  both  /  and  //2  at  phase  = 
180®,  and  finally  both  /  and  //2  at  phase  =  0®  Though 
the  wave.s  do  not  grow  to  very  large  amplitudes  individually, 
the  two-frequcncy  interaction  causes  the  subharmomc  to  be 
augmented  to  very  high  levels  (or  suppressed),  depending 
on  the  initial  phase  difference  between  the  two  waves  The 
second  row  shows  the  jet  center-line  velocity  along  •  ith 
the  unexcited  case  for  comparison  The  last  row  shows 
the  momentum  tluckness  development  with  axial  distance 
Very  clearly  under  optimum  conditions,  two-frequency  ex¬ 
citation  IS  more  effective  than  single  frequency  excitation 
for  jet  spreading  enhancement  The  data  presented  in  Fig- 
uie  (3)  and  (4)  is  at  M  =  0  2  iRe{D)  =  400,000),  with 
a  core  turbulence  intensity  of  1  b%  and  a  turbulent  nozzle 
exit  boundary  layer  Measurements  at  Re{D)  up  to  870,000 
are  reported  in  the  paper  by  Ra-man  and  Rice  (1989) 

The  jet  centerline  velocity  an<l  momentum  th’ckness 
variations  are  both  used  ds  indicators  of  jet  spreading  en¬ 
hancement  A  drop  in  the  centerline  velocity  indicates  a 
higher  jet  spread  for  most  cases .  There  is,  however,  a  re¬ 
versal  in  the  jet  centerline  velocity  trend  between  xfD  ~\ 
and  3  This  is  not  to  be  interpreted  as  a  “reversal  of  spread¬ 
ing"  Due  to  the  shortcomings  of  the  jet  centerline  velocity 
as  a  “spreading”  indicator,  the  momentum  thickness  is  con¬ 
sidered  to  be  a  better  indicator  of  jet  spreading  enhance¬ 
ment  The  jet  centerline  velocity  is,  however,  retained  as 
it  shows  a  ^rect  relationship  between  subharmomc  aug¬ 
mentation  and  the  “eating  up”  of  the  potential  core  of  the 
jet  The  high  growth  rate  of  the  subharmomc  wave  causes 
It  to  extract  energy  from  the  mean  flow,  which  causes  the 
destruction  of  the  potential  core  Based  on  the  theoretical 
work  of  Mankbadi  and  Lm  (1981),  the  results  of  Figure  4 
can  be  interpreted  as  follows:  the  local  regions  of  mean  flow 
“acceleration”  might  be  attributed  to  modes  evolving  into 
their  “damped”  region  where  energy  is  pumped  back  into 
the  mean  flow  from  the  oscillations,  with  accompanying  de¬ 
crease  m  the  momentum  thickness  growth  rate 

The  difference  between  single  and  two-frequency  opti¬ 
mum  excitation  results  is  most  pronounced  on  the  jet  cen¬ 
terline  velocity  The  two-frequency  case  with  phase  differ¬ 
ence  equal  to  zero  produces  the  same  spreading  as  the  single 
frequency  excitation  at  the  fundamental  frequency  As  seen 


Figure  3.— Axial  evolution  of  phase-averaged  unsteady  velocity 
components  on  the  jet  centerline  for  various  Initial  phase 
differences  and  subharmonic  forcing  levels.  (St  -  0  3, 0  $, 

Ufo>0.3Uj.M.02). 
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Figure  4  — Two-frequerx^  excitation  effects  on  jet 
centerline  phase  averaged  and  mean  velocities 
and  jet  momentum  thickness 

in  Figure  4  {top  right),  this  two-frequency  excitation  sup¬ 
presses  the  coherent  subharmomc  growth,  and  additional 
spreading  from  forced  pairing  does  not  result.  Some  ran¬ 
dom  pairing  may  still  occur,-  as  might  be  expected  in  the 
single  frequency  excitation  case 
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Multi-Modal  Forcing 

Based  on  the  results  pR'scnted  thus  far,  plane  wave 
{m  =  0)  excitation  would  he  expected  to  be  effi'i  ti\e  in.unU 
in  the  region  up  to  the  end  of  the  potential  core,  since  be¬ 
yond  this  point,  the  axisymmetnc  inode  is  damped  Con¬ 
trol  of  the  region  beyond  the  potential  core  could  be  ac¬ 
complished  via  the  forcing  of  the  helical  modes.  Hence,  a 
combination  of  both  plane  wave  and  helical  mode  forcing 
would  be  expected  to  be  even  more  effective  for  contiollmg 
the  jet  than  either  excitation  applied  alone  Results  will  be 
shown  for  one  case  at  a  Reynolds  number  of  400,000,  with 
a  core  turbulence  intensity  of  0  1%  and  having  a  turbulent 
nozzle  exit  boundary  layer 

Figure  5  shows  the  evolution  of  modes  f  or  a  forc¬ 
ing  case,  m  =  ±1  at  5<(f))  =  0.15,  and  m  —  0  at 
St{D)  =  0  6.  The  forcing  here  is  in  the  range  of  the  natu¬ 
rally  preferred  frequencies  determined  from  the  modal  spec¬ 
trum  for  the  unforced  jet  The  forcing  levels  measured  at 
U/Vc  =  0  8,  x/D  =  0  were  (ut)/t/)si(D)=o 6.m=o  =  0  06 
and  (tio/CMsi(tt)s=o  i5,m=±i  =  0  02  The  modal  decomposi¬ 
tion  technique  used  for  generating  these  results  is  the  same 
as  that  for  the  unexcited  case  However,  only  the  coherent 
part  of  the  signed  at  the  excitation  frequency  was  used 

In  the  initial  region,  the  axisymmetnc  mode  (m  =  0) 
grows  to  about  9  percent  of  the  jet  exit  velocity  Note  that 
the  modes  in  Figure  5(a)  are  evolving  m  the  presence  of 
each  other  Figure  5(a)  shows  that  the  m  =  0  mode  is  am¬ 
plified  and  saturate.^  in  the  initial  region  of  the  jet  As  the 
rn  =  0  mode  becomes  damped,  the  m  =  ±1  (combined  and 
denoted  by  a  single  curve)  grow  and  peak  around  x/D  =  6. 
beyond  which  they  are  damped  Figure  5(b)  shows  the  mo¬ 
mentum  thicknes,*?  plotted  versus  axial  distance. 

Curves  are  shown  for  the  following  cases  unexcited, 
plane  wave  (m  =  0  at  $t{D)  =  0  6),  helical  modes  (m  = 
±1,  at  St{D)  =  0.15),  and  the  multi-modal  case  (m  =  0  at 
St{D]  =  0  6  and  m  =  ±1  at  St{D)  =  0  15)  The  last  two 
cases  are  represented  by  bands  bounded  by  and 
since  6  vanes  azimuthally  Comparing  Figures  5(a)  and 
(b)  one  observes  that  the  local  regions  of  higher  spreading 
rate  (steeper  curves  in  Figure  5(b)  for  i/D  between  0  and 
2,  4  and  6)  correspond  to  regions  of  wave  amplification 
in  Figure  5(a),  and  local  regions  of  lower  spreading  rate 
(flattening  of  curves  m  Figure  5(b),  for  x/D  between  2  and 
4.  greater  than  6)  correspond  to  regions  where  the  waves 
are  damped  The  jet’s  spreading  rate  is  enhanced  in  a  2- 
step  process  In  step  1,  due  to  m  =  0  {x/D  between  0  and 
2).  and  m  step  2,  due  to  m  =  ±1  [x/D  between  4  and  6) 
The  above  intcrpretatior  is  also  supported  by  the  theory  of 
Mankbadi  and  Liu  (1981) 

The  low  frequency  helical  modes  along  with  the  ax- 
i&>mmetric  mode  of  the  multi-modal  case  (Figure  5)  are 
more  effective  in  producing  higher  spreading  rates  m  the 
downstream  region  (5  <  x/D  <  10)  Therefore,  the  choice 
of  the  forcing  frequencies  would  vary  depending  on  the  re¬ 
gion  over  which  maximum  control  is  desired  From  Fig¬ 
ure  5  it  is  clear  that  the  combination  of  a  plane  wave  and 
two  opposing  helical  modes  provides  a  higher  degree  of  con¬ 
trol  over  the  spreading  rate  of  the  jet  than  either  excitation 
applied  alone  The  plane  wave  enhances  spreading  up  to 
the  end  of  the  potential  core,  and  helical  modes  (m  =  ±1) 
cause  the  jet  to  flap  beyond  the  potential  core 

SUMMARY  AND  CONCLUSIONS 

The  overall  objective  was  to  study  natural  as  well  as  ex¬ 
cited  jets  under  conditions  more  representative  of  practical 
applications,  i  e  high  Reynolds  number  and  fully  turbulent 
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(forcing  levels.  Uq/U  »  0.06, 
(St(0) «  0.6.  m  .  0)  (ik/U  -  0.02. 
(St{D).0.15.m.±i)) 


initial  condition,  with  a  focus  at  and  beyond  the  potential 

core  The  conclusions  are  as  follows 

(1)  The  evolution  of  instabilities  resulting  from  naturally 
occurring  disturbances  at  the  jet  Hp  was  studied  using 
the  modal  frequency  spectrum  The  region  up  to  the 
end  of  the  potential  core  was  dominated  by  the  axisym¬ 
metnc  mode.  The  azimuthal  modes  grew  rapidly  but 
dominated  only  after  the  potential  core  region  For  the 
jet  excited  by  natural  disturbances  the  energy  content 
of  the  higher  order  modes  (m  >  1)  was  significantly 
lower  than  the  axisymmetric  and  m  =  ±1  modes 

(2)  Based  on  the  results  from  the  naturally  occurring  jet 
instabibty  mode  experiments,  target  modes  for  efficient 
excitation  of  the  jet  were  determined  The  effect  of  ex¬ 
citing  a  high  Reynolds  number,  initially  turbulent  jet 
simultaneously  at  fundamental  and  subharmonic  fre¬ 
quencies  was  studied  The  imtial  phase  difference  be¬ 
tween  the  two  waves  was  varied  m  steps  of  45*  The 
effect  of  varying  the  initial  forcing  levels  was  also  stud¬ 
ied.  It  was  found  that  at  high  amplitudes  of  fundamen¬ 
tal  and  subharmonic  forcing  levels,  the  subharmomc 
augmentation  and  the  axial  location  of  the  peak  are 
independent  of  the  initial  phase  difference  This  find¬ 
ing  will  have  a  very  favorable  impact  on  the  design  of 
practical  excitation  devices  Two-frequency  excitation 
IS  indeed  more  effective  than  single  frequency  excita¬ 
tion  in  jet  spreading  enhancement  The  spreading  is 
quantified  by 
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(a)  Jet  centerline  >elocity,  which  shows  the  “eating 
up"  of  the  potential  core 

(b)  The  momentum  thickness,  which  shows  the  jet 
spreading  rate,  and 

(3)  Forcing  combinations  of  multiple  fre^^uencies  and  mul¬ 
tiple  modes  provides  even  a  higher  degree  of  control 
over  the  spreading  rate  of  the  jet.  When  the  combi¬ 
nation  IS  applied,  the  plane  wave  enhances  mixing  in 
the  region  up  to  the  end  of  the  potential  core,  and  the 
helical  modes  (m  s=  il)  cause  the  jet  to  flap  beyond 
the  potential  core  In  this  way,  the  region  of  control  is 
extended 
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ABSTRACT 

We  study  the  three-dimensional  evolution  of  a  helically 
perturbed  nominally  axisymmetric  |et  by  means  of 
inviscid  vortex  filament  calculations.  For  the  case  of  a 
helical  perturbation  only,  the  streamwise  vorticity 
forming  in  the  braids  is  of  the  same  sign  everywhere  If 
the  helical  symmetry  is  broken  by  introducing  an 
additional  aaimuthal  perturbation,  we  observe  the 
emergence  of  concentrated  streamwise  braid  vomces  all 
of  the  same  sign,  in  contrast  to  the  counterrotating  braid 
vortices  of  rilig-dominated  jets  A  Kelvin-Helmholtz-hke 
instability  of  the  braid  vorticity  layer  plays  a  significant 
role  in  their  generauon  While  for  a  jet  with  R/8  -22  6, 
rotation  of  the  vortex  helix  prevents  it  fiom  going 
unstable,  we  observe  in  a  jet  with  R/6  -1 1  3  the  reduction 
of  this  rotation  and  the  near  exponential  growth  of  the 
vortex  helix's  radial  corrugation 


INTRODUCTION 

The  present  investigauon  represents  an  extension  of 
our  earlier  study  focussing  on  the  three-dimensional 
evolution  of  nominally  axisymmetric  )ets  (Martin  and 
Meibu.'g  1991)  Whereas  we  previously  considered  the 
evolution  of  jets  dominated  by  axisymmetric  coherent 
structures,  we  now  analyze  the  effect  of  non- 
axisymmetnc  modes.  The  mouvation  for  doing  so  comes 
from  theoretical  as  well  as  experimenul  studies  that  have 
demonstrated  the  importance  of  non-axisymmetric  or 
helical  modes  in  axisymmetric  jet  flow.  In  particular,  the 
stability  analysis  by  Batchelor  and  Gill  (1962)  illustrates 
the  importance  of  both  axisymmetric  and  non- 
axisymmetric  modes  While  axisymmetric  disturbances 
lead  to  instability  of  velocity  profiles  with  relatively  thin 
jet  shear  layers,  non-axisymmetric  disturbances  satisfy 
the  conditions  for  instability  regardless  of  the  profile 
chosen.  For  a  bell-shaped  profile  which  models  the 
downstream  developed  region  of  a  jet,  only  non- 
axisymmetric  disturbances  of  azimuthal  wavenumber  1 
are  amplified.  From  their  study,  we  can  conclude  that 
further  downstream,  as  the  profile  of  a  jet  becomes 
more  smooth,  helical  perturbations  can  be  more 
amplified  than  axisymmetric  ones  By  writing  the 
linearized  disturbance  equauon  in  terms  of  the  ratio  of  jet 
radius  to  momentum  thickness,  Cohen  and  Wygnanski 
(1987)  furthermore  demonstrate  the  dependence  of  the 
jet's  stabi!it>’  on  the  streamwise  (xisUiun  For  Urge  values 
of  this  ratio,  maximum  amplification  growth  rates  are 
identical  for  helical  and  axisymmetric  disturbances 
Smaller  values  of  this  ratio,  corresponding  to 
downstream  development  of  a  jet,  show  the  non- 
axisymmetric  disturbance  growth  rate  overtaking  that  of 
the  axisymmetric  disturbance  for  all  frequenaes 


In  experimental  studies,  both  ring-like  and  helical 
organized  motions  are  observed  to  occur  over 
approximately  equal  times  in  the  jet's  evolution  (eg 
Mattingly  and  Chang  1974,  Browand  and  Laufer  1975)  In 
helix-dominated  flows,  the  individuality  of  ring-like 
vortices  is  replaced  by  either  a  single  helical  vortex 
which  coils  around  the  jet  column,  or  by  double  helical 
formations  (Tso  and  Hussain  1989).  Processes  similar  to 
pairing  which  occur  amongst  vortex  rings  in  ring- 
dominated  jets,  also  occur  in  the  single  helical  vortex  of 
helix-dominated  jets  (Browand  and  Laufer  1975)  Even  at 
extremely  high  Reynolds  numbers,  coherent  stmetures 
in  the  form  of  helices  are  observed  by  Mungal  and 
Hollingsworth  (1989)  as  well  as  by  Dimotakis,  Miake-Lye 
and  Papantomou  (l';83).  Their  studies  both  suggest  that 
the  mechanisms  behind  the  large  scale  structures' 
generation  and  sustenance  is  largely  Reynolds  number 
independent  Since  these  large  scale  structures  dominate 
the  jet's  evolution,  it  appears  worthwhile  to  model  the 
transitional  3-D  evolution  of  a  jet  dominated  by  helical 
vortices  with  mviscid  simulauons 

Past  studies  have  shown  the  vortex  filament  technique 
(Leonard  1985)  to  be  an  efficient  tool  for  simulating  tlie 
vortiaty  dynamics  of  jets  dominated  by  ring-like  vortices 
(Martin,  Meiburg  and  Lasheras  1990,  Meiburg,  Lasheras 
and  Martin  1991,  Martin  and  Meiburg  1991)  and  for 
comparison  with  experimental  results  Accounting  only 
for  the  rotational  elements  of  the  flow  field,  one  is  able 
to  efficiently  gain  considerable  insight  into  the  full 
three-dimensionality  of  jets  dominated  by  rings  We  will 
again  employ  this  technique  for  jets  dominated  by 
helical-type  vortices 

In  our  analysis  of  ring-dominated  jets  we  observed 
three-dimensional  features  involving  a  counterrotating 
streamwise  structure  in  the  braid  region  and  a  growing 
three-dimcnslonality  of  the  rmgs  Furthermore,  the  rings 
of  a  jet  were  shown  to  be  capable  of  undergoing 
instabilities  similar  to  the  one  discussed  by  Widnall  ct  al 
(1974)  for  isolated  vortex  rings,  with  their  waviness 
increasing  exponenually  (Martin  and  Meiburg  1991) 
While  flow  visualization  experiments  and  simulations 
have  predominantly  concentrated  on  the  secondary 
streamwise  structure  in  ring-dominated  jets,  the  nature  of 
a  secondary  streamwise  structure  in  helix-dominated  jets 
has  largely  remained  unexplored  We  will  study  the  form 
of  this  secondary  structure  and  its  interaction  with  the 
priinaiy  helical  vortex,  hurthermorc,  the  observed 
instability  of  the  jet's  vortex  rings  to  additional  azimuthal 
perturbation  raises  the  question  of  similar  instability 
mechanisms  in  helix-dominatcd  jets  as  well  (Widnall 
1972) 
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NUMERICAL  TECHNIQUE 

We  employ  a  vortex  filament  technique  similar  to  the 
one  used  in  earliei  studies  of  plane  shear  layers  (Ashurst 
and  MeiDurg  1988X  wakes  (Meiburg  and  Lasheras  1988), 
and  jets  (Martin  and  Meiburg  1991)  Vortex  filaments  ate 
used  for  the  representation  of  the  vorticity  field  In  the 
jet,  the  filaments  initially  have  the  form  of  vortex  tings 
Each  filament  is  represented  by  a  number  of  nodes, 
through  which  a  cubic  spline  is  fitted  to  give  it  a  smooth 
shape  The  non-divergent  nature  of  the  velocity  field  in 
incompressible  flows,  along  with  the  definition  of 
vorticity,  then  allows  us  to  obtain  the  velocity  field  via  the 
Biot-Savart  law  (Batchelor  1967)  By  applying  the  laws  of 
Aelvin  and  Helmholtz  for  an  inviscid  fluid,  the  velocity 
for  each  node  can  be  obtained  and  its  position  advanced 
according  to 


By  applying  Caster's  (1962/,  iransformation  we  then 
obtain  the  wavenumber  |3  for  our  temporally  growing 
case  with  R/e  -226  as  approximately  1 

The  helical  perturb  ition  we  impose  takes  the  form 
x'=  E  R  cosQJx  +  m0) 

where  m  is  the  azimuthal  wavenumber  The  perturbation 
initially  displaces  the  centerline  of  a  vortex  filament  a 
distance  x'  into  the  strcamwise  direction  The  amplitude 
£  of  the  perturbation  is  taken  to  be  five  per  cent  of  the 
jet  radius  The  overall  form  of  the  displacement  is  then 
the  same  for  all  vortex  filaments  However,  there  is  an 
azimuthal  phase  shift  in  successive  filaments  which 
results  in  the  helical  nature  of  the  overall  perturbauon 
Fig  1  demonstrates  the  roll-up  that  results  from  this 


Tlie  Biot-Savart  law  for  the  velocity  field  is  evaluated 
assuming  an  invariant  vorticity  distnbution  of  algebraic 
shape  about  the  filament  centerline  (e  g  ,  Meiburg, 
Lasheras  and  Martin  1991),  following  the  concepts 
outlined  by  Leonard  (1985)  The  incorporation  of  this 
vorticity  distribuuon  into  the  Biot-Savart  law  reduces  the 
evaluation  of  the  velocity  field  down  to  a  line  integral 
over  all  the  filaments  in  the  flow  field 

We  limit  ourselves  to  the  temporally  growing 
problem  Periodicity  is  assumed  in  the  streamwise 
direction  Since  the  Biot-Savart  law  involves  integration 
over  the  entire  vorticity  field,  a  number  of  periodic 
images  of  the  filaments  must  be  included  in  our 
integration  Earlier  studies  demonstrated  that  by  taking 
into  account  three  images  each  in  the  upstream  and  the 
downstream  direction,  the  velocity  profile  obtained  is 
sufficiently  close  to  the  fully  converged  value 
Consequently,  we  carry  along  three  images  in  our 
calculations 


We  take  the  velocity  differenc-  between  the 
centerline  and  infinity  as  our  characterisuc  velocity  The 
thickness  of  the  axisymmetric  shear  layer  serves  as  the 
characteristic  length  scale  In  these  units  the  radius  of  the 
jets  considered  here  is  5  The  Biot-Savart  integration  for 
the  velocity  is  carried  out  with  second  order  accuracy  by 
employing  the  trapezoidal  rule,  while  the  time-stepping 
is  performed  with  a  pr>-dictor-corrv,ctor  scheme  also  of 
second  order  accuracy  We  typically  discretize  the 
axisymmetric  shear  layer  into  59  filaments  per 
streamwise  wavelength  of  initially  120  nodes  each.  As  the 
flow  develops  a  three-dimensional  structure,  the  vortex 
filaments  undergo  considerable  stretching.  The  spline 
representation  of  the  filament  centerlines  then  allows  us 
to  introduce  new  nodes  to  maintain  an  adequate 
resolution  Furthermore,  the  time  step  is  repeatedly 
reduced  .’S  local  acceleration  effects  increase  The 
filament  co  e  radius  decreases  as  its  arclength  increases 
to  coa'Cive  its  total  volume 


EVOLUTION  OF  A  HELICAL  WAVE  ALONE 

We  will  first  focus  on  the  evolution  of  a  nominally 
axisymmetric  jet  perturbed  by  a  single  helical  wave  of 
azimuthal  wavenumber  1  A  jet  with  a  rauo  of  radius  R  to 
momentum  thickness  6  of  22  6  will  form  the  basis  of  this 
discussion.  Based  on  this  value,  we  can  determine  a 
maximallv  amplified  wavelength  for  a  helical  disnirhanre 
from  the  calculations  of  Michalkc  and  Hermann  (1982) 
These  authors  give  spatial  growth  rates  versus  the  non- 
dimensional  frequency  as  a  function  of  the  ratio  R/9  in 
spatially  evolving,  inviscid  jets  under  helical  disturbance 


m»xjmum  •  0  0r78e9 
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Figure  1  The  helically  pe*turbed  jet  with  R/6-22  6  at  time 
2  81  a)  Side  view  of  the  vortex  filaments,  b)  streamwise 
voniaty  contours  at  x-4  Observe  the  growth  of  a  vortex 
helix,  corresponding  in  this  case  to  the  region  of  negative 
streamwise  vorticity  The  sL^sn  field  set  up  by  the  helix 
leads  to  a  reonentation  of  the  braid  vorticity,  which 
becomes  aligned  with  the  direction  of  extensional  strain, 
thereby  resulting  in  the  formation  of  positive  streamwise 
vorticity 
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helically  symmetric  perturbation  We  show  a  side  view  of 
the  filament  centerlines  along  with  contours  of  the 
streamwise  vorticity  at  a  representative  streamwise 
location  For  clarity,  we  plot  in  the  side  view  only  lho^c 
portions  of  the  filament  centerlines  whose  y-locaiion  is 
greater  than  zero.  Instability  of  the  axisymmetric  shear 
layer  leads  to  the  formation  of  a  helical  vortex  As  in  the 
case  of  a  ring-dommated  jet,  a  strain  field  with  a 
stagnation  point  forms  in  the  braid  region  between 
successive  segments  of  the  helix  However,  the 
stagnation  line  itself  is  now  a  helix  The  axis  of  extcnsional 
strain  in  the  braid  region  correspondingly  orients  itself 
normal  to  the  emerging  helical  vortex  While  the 
streamwise  vorticily  contours  contain  a  more 
concentrated  region  due  to  the  helix,  there  is  a  growing 
opposite-signcd  region  due  to  the  braid  vorticity  As  the 
braid  vorticity  reorients  itself  in  the  strain  field  of  the 
growing  helix,  streamwise  braid  vorucity  becomes 
increasingly  generated 
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Kigure  2  The  helically  perturbed  jet  at  time  8  75  a)  Side 
view  of  the  vortex  filamenio,  b)  streamwise  vorucity 
contours  at  x— I  Tuc  sUcaiiiwise  brara  vorucity  tias  Uie 
nature  of  a  thin  layer  of  infinite  aspect  ratio  Due  to  the 
helical  symmetry,  concentrateo  braid  structures  do  not 
form  in  this  calculation 


Figure  2  shows  the  resulting  evolution  of  the  flow  later 
in  Ume  While  the  vortex  helix  continues  to  strengthen, 
the  streamwise  vorticity  contours  illustrate  the  nature  of 
the  braid  vorticity,  which  is  a  flattened  sheet  of  helical 
shape,  occupying  the  space  between  the  vortex  helix 
The  braid  vorucity  appears  to  spiral  around  the 
concentrated  opposite-signed  region  of  streamwise 
vorucity  due  to  the  vortex  helix,  as  it  begins  to  wrap 
around  the  vortex  The  helical  symmetry  of  the  present 
problem  prevents  any  concentrated  streamwise 
structures  from  forming  in  the  braid  region  Some 
insight  into  how  a  secondary  sUeamwise  structure  might 
evolve  in  a  fully  three-dimensional  evolution  of  the 
helix-dominated  jet,  can  be  gained  by  considering  the 
recent  work  done  by  Lin  and  Corcos  (1984)  on  plane 
mixing  layers  The  braid  vorticity  of  the  mixing  layer  is 
modeled  as  a  two-dimensional  sheet  of  streamwise 
voruaty  undergoing  a  constant  plane  stram  The  resulting 
evolution  of  the  braid  vorticity  layer  is  found  by  Lin  and 
Corcos  to  be  strongly  dependent  upon  its  aspect  ratio 
In  the  helix-dominated  jet,  the  aspect  rauo  of  the  braid 
vorucity  tends  to  infinite  value,  while  in  ring-dominated 
jets  the  aspect  raUO  is  of  finite  order  This  suggests  to  us 
that  the  instability  within  the  braid  region  of  a 
helix-domlnated  jet  can  evolve  quite  differently  from  that 
which  occurs  in  ring-dominated  jets  In  the  following 
secuon,  we  will  cna'y^e  the  fully  three-dimensional 
evoluuon  by  breaking  the  helical  symmetry  of  our  flow 


EFFECT  OF  NOZZLE  CORRUGATION 

Figs  3  and  4  show  the  results  of  a  calculauon  m  which 
we  introduce  an  additional  perturbation  in  the 
circumferertial  direction  as  well  This  disturbance 
periodically  displaces  the  filament  centerline  in  the  radial 
direction  ir  addition  to  the  axial  displacement  of  the 
helical  wave  In  this  way,  we  duplicate  the  effect  of  nozzle 
corrugation  The  calculation  shown  in  Figures  3  and  4 
contain  5  waves  around  the  azimuthal  direction  and 
correspond  to  times  7  89  and  1 5  70  respecuvely  Again 
we  consider  a  jet  with  a  rauo  of  R/e-22  6  The  streamwise 
view  of  the  filament  centerlines  indicates  the  form  of  the 
additional  corrugauon,  while  the  side  view  of  the 
filaments  again  shows  the  emergence  of  a  strong  helical 
vortex  However,  the  helical  vortex  now  displays  a  wavy 
modulation  along  its  length  As  m  the  case  of  a 
ring-dominated  jet  emerging  from  a  corrugated  nozzle, 
the  radial  displacement  brings  the  local  and  global 
induction  effects  into  play,  cf  Meiburg,  Lasheras  and 
Marun  (1990  The  increased  self-induced  velocity  of  the 
outer  sections  of  the  vortex  helix  with  greatest  radius  of 
curvature,  tends  to  accelerate  those  sections  into  the 
streamwise  direction,  more  so  than  the  sections  of  the 
vortex  helix  located  closer  to  the  jet  axis 

The  streamwise  vorucity  contours  show  concentrated 
structures,  all  of  a  single  sign,  forming  within  the  braid 
region.  This  is  in  marked  contrast  to  the  counterrotaung 
streamwise  vortices  which  emerge  in  nng-dominated 
jets  The  sheet-like  nature  of  the  braid  vorucity  layer 
suggests  that  a  Kclvin-Helmholtz  instability  is  responsible 
for  the  braid  structure  With  time,  these  axial  vortices 
intensify  under  the  extensional  suain  field  of  the  vortex 
helix  Fig.  4  shows  their  collapse  to  very  concentrated 
tubes  We  expect  this  collapse  to  be  strongly  dependent 
upon  the  strain  produced  by  the  vortex  helix  The 
concentration  of  the  vortices  is  there.'ore  dependent 
upon  their  proximity  to  the  helix 

The  side  view  of  the  filaments  in  Fig  4  indicates  the 
growth  of  the  streamwise  amplitude  of  the  vortex  helix 
waviness,  while  the  streamwise  view  indicates  the  near 
eliminauon  of  the  radial  amplitude  of  this  corrugauon  In 
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Figure  3.  The  helically  perturbed  )el  with  R/0-22.6  under  Figure  4  llie  same  )et  as  in  Fig  3  at  time  15  70  a)  Side 

the  effect  of  an  additional  azimuthal  perturbation  at  time  view  of  the  vortex  filaments,  b)  sireamwise  view  of  the 

7.89.  a)  Side  view  of  the  vortex  filaments,  b)  streamwise  vortex  filaments,  c)  sireamwise  vorticity  contours  at  x-2 

view  of  the  vortex  filaments,  c)  sireamwise  voriiciiy  Observe  the  collapse  of  the  streamwise  braid  vorticity 

contours  at  x-2  As  a  result  of  the  addiuonal  azimuthal  into  concentrated  structures,  in  a  way  similar  to  the 

wave,  the  sheet-like  braid  vorucity  undergoes  a  Kelvin-  model  case  analyzed  by  Lin  and  Corcos  (1984).  Notice 

Helmholtz  insiaouiiy,  so  mat  concentrated  stieaiiiwise  me  wavmess  of  me  vortex  helix  visible  iii  liic  side  view, 

braid  vortices  form  In  contrast  to  the  counterrotating  while  the  streamwise  view  does  not  display  such  a 

streamwise  vortices  observed  in  ring-dominated  jets,  the  wavmess 

streamwise  braid  vortices  are  all  of  the  same  sign  m  the 
present  case. 


6-3-4 


Pig  5,  we  plot  the  evoluuon  of  the  streamwise  and  radial 
amplitudes  of  the  vorex  helix  wavincss  along  with  the 
angle  Y,  where  tan  y  is  given  by  the  ratio  of  streamwise  to 
radial  amplitudes  Variation  in  y  will  then  indicate  a 
rotation  of  the  helix  It  is  interesting  to  note  that  while 
the  counterrotating  braid  vortices  of  a  ring-dominated  jet 
act  to  increase  corrugation,  no  such  increase  in  radial 
amplitude  occurs  in  the  helix-dominated  )et  The  radial 
amplitude  a,  slowly  decreases,  while  the  streamwise 
amplitude  a,  initially  increases  due  to  the  self-induced 
velocity  of  the  helix,  and  later  levels  off  As  with  vortex 
rings.  It  is  expected  that  a  reduction  in  the  rotation  of  the 
helix  IS  necessary  for  it  to  undergo  instability  (Widnall 
1972)  However,  y  increases  continually  for  the  present 
let  parameters  as  the  helix  continues  to  rotate,  thus  not 
allowing  for  an  exponentially  growing  instability 

While  there  is  no  evidence  for  a  vortex  helix  insubility 
for  the  above  ]et  parameters,  we  expect  that  by 
increasing  the  momentum  thickness  of  the  lei,  the  core 
radius  of  the  helix  will  increase  as  well,  thereby  reduang 
the  helix's  self-induced  velocity  and  its  rotation  rate 
Consequently,  we  perform  a  similar  calculation  for  a  jet 
with  R/0-11  3,  Prom  the  calculations  of  Michalke  and 
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Fig  5  The  temporal  evolution  of  the  radial  (a^)  and 
streamwise  (aj)  amplitudes  of  the  vortex  helix  waviness 
for  the  case  R/6-22  6  These  amplitudes  are  obtained  by 
comparing  the  curve  connecting  the  computed  voruciiy 
maxinu  in  all  planes  x~const  with  a  helical  curve  of  equal 
streamwise  wavelength.  Also  plotted  is  the  angle  y, 
where  tan(y)-as/a,  The  decrease  in  a,  and  the  leveling  off 
of  a,  indicate  that  the  continuing  rotation  of  the  vortex 
helix  (as  reflected  by  the  growth  in  y)  around  its 
unperturbed  centerline  prevents  the  development  of  an 
exponentially  growing  instability 


Hermann,  the  decrease  in  R/0  results  m  a  streamwise 
wavelength  of  3it  for  maximum  amplification.  Again,  an 
equal  amplitude  helical  wave  is  introduced  along  with  a 
corrugation  Side  view  and  streamwise  view  of  this 
calculation  arc  shown  m  Fig  6  The  side  view  of  the 
filaments  shows  a  fairly  small  streamwise  amplitude  of 
the  vortex  helix  wavmess  at  this  time,  while  the  radial 
amplitude  grows  m  a  nearly  exponentn!  fashion  (Fig,  7) 
This  IS  consistent  with  the  graph  of  y  for  this  calculation, 
which  demonstrates  an  almost  vanishing  rotation  rate  of 
the  helix,  in  contrast  to  the  previously  considered  )et 
with  a  ratio  of  R/0-22  6  The  near  exponential  growth  of 
the  radial  amplitude  a^  thus  suggests  that  a  vortex  helix 
instability  is  occurnng 


CONCLUSIONS 

Our  aim  has  been  to  shed  light  on  some  of  the  inviscid 
mechanisms  that  govern  the  three-dimensional  evolution 
of  nominally  axisymmetric  jets.  By  means  of  vortex 
filament  simulations,  we  were  able  to  gam  considerable 
insight  into  the  vorticity  dynamics  and  flow 
characteristics  of  such  jets  perturbed  by  helical  waves 
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Fig  6  The  helically  perturbed  jet  with  R/0-11  3  at  time 
19  84  a)  Side  view  and  b)  streamwise  view  ot  the  vonex 
filaments  For  this  reduced  value  of  R/0,  the  vortex  helot 
develops  a  stronger  wavmess  (visible  especially  in  the 
streamwise  view),  thereby  indicating  the  possibility  of  a 
vortex  helix  instability 
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The  helically  symmetric  calculation  formed  the  basis  for 
our  subsequent  discussion  of  helix-dominated  jets  If  the 
only  perturbation  is  a  single  helical  mode  of  aaimuthal 
wavenumber  1,  a  single  helical  vortex  forms,  connected 
by  a  braid  region  of  opposite  vorticity  and  infinite  aspect 
ratio  If  we  superimpose  an  additional  azimuthal 
perturbation,  thereby  simulating  the  effect  of  a 
corrugated  nozzle,  the  biaid  vorticity  layer  develops  a 
Kelvm-Helmhcltz-type  instability,  which  leads  to  the 
formation  of  concentrated  braid  structures  These  braid 
vortices  are  subject  to  a  collpase  mechanism  similar  to 
the  one  described  by  Lin  and  Corcos  (1984)  for  the  plane 
mixing  layer,  due  to  the  combined  effects  of  extensional 
strain  provided  by  the  helix  and  self-induced  velocity  of 
the  evolving  braid  structures  Furthermore,  we  observed 
a  principally  differi.nt  evolution  of  the  jet  for  diffeiem 
values  of  the  ratio  of  the  jet  radius  R  to  the  jet  shear  layer 
thickness  0  For  R/0-22  6,  the  vortex  helix  had  a  self- 
induced  rotation  rate,  which  prevented  it  from 
developing  an  instability  For  R/0«11  3,  on  the  other 
hand,  this  rotation  rate  almost  vanished,  so  that  the 
waviness  of  the  helix,  in  its  own  strain  field,  kept  growing 
in  a  nearly  exponential  fashion  The  above  results  suggest 
ways  to  actively  control  the  three-dimensional  evolution 
of  nominally  axisymmetric  jets 
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Fig.  7'  The  temporal  evolution  of  the  radial  (a,)  and 
streamwise  (a,)  amplitudes  of  the  vortex  helix  waviness 
for  tne  case  K/B-n,3  Winle  the  graph  of  the  angle  y 
indicates  an  almost  vanishing  rotation  rate  of  the  vortex 
helix,  a,  increases  continuously  in  a  nearly  exponential 
fashion,  thereby  lending  support  to  the  notion  of  a 
vortex  helix  instability 
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ABSTRACT 

Variable  density  turbulent  rectangular  jets  are 
investigated  theoretically  and  experimentally.  The 
theoretical  description  capitalizes  on  Rodi  (1978),  but 
introduces  a  new  definition  for  the  effective  channel  width 
The  experimental  results  are  obtained  by  LOA  and  fine- 
wires  in  strongly  heated  air  jets  issuing  vertically  from  a 
tong  rectangular  channel  Into  still  air  Both  approaches 
indicate  the  that  axial  decay  rates  of  the  mean  velocity 
and  temperature  increase  when  Che  density  ratio  between 
the  ambient  meduim  and  the  jet  is  Increased  The  use  of 
the  effective  channel  width  defined  here  allows  the  global 
density  effect  to  be  taken  into  account  The  effect  of 
keeping  constant  jet  exit  parameters  when  the  density 
ratio  IS  varied  lii  also  discussed 


INTRODUCTION 

Variable  density  effects  on  turbulent  mixing  are  of 
importance  in  several  applied  situat  .ns  Mixing  of 
turbulent  jets  with  a  medium  having  a  .ifi'erent  density  is 
a  common  engineering  feature  (Gi  uldin  el  al.  1986, 
Fulachier  ct  al ,  1989)  The  mixing  oi  jet  engines  exhaust 
gases,  or  of  industrial  gaseous  elfluents  with  the 
surrounding  atmosphere  arc  relevant  examples  In 
turbulent  reacting  flows,  turbulent  jet  diffusion  flames  are 
often  modeled  as  non-reacCing  strongly  variable  density 
flows,  in  order  to  investigate  the  modification  of  the  flow 
field  by  heat  release  In  (wo  phase  high  pressure  systems, 
such  «  rocket  con '  istion  chambers  using  liquid 
propellhiits  or  diesel  ,ines.  the  turbulent  mixing  of  the 
spray  with  the  surn  .*nding  gaseous  atmosphere  can  be 
analyzed  as  the  mixing  between  two  different  density 
gaseous  flows  whe  .  the  chamber  pressure  is  higher  than 
the  critical  therm  dynamical  pressure  of  the  liquid,  as  Is 
often  the  case 

The  present  paper  focuses  on  the  influence  of  the 
density  ratio  between  the  surrounding  atmosphere  and  the 
jet,  pjpy  on  the  mixing  and  development  of  turbulent 
rectangular  Jets  These  open  jet  flowr  are  Investigated  at 
LCSR,  Orleans  in  connection  with  studies  of  the  structure 
of  turbulent  diffusion  flames  stabilized  on  rectangular 
burners  (Sarh,  1990)  The  air  jet  Issues  vertically  into  still 
air  from  a  rectangular  channel  which  has  an  aspect  ratio  A 
of  10  (‘)0  5)  and  a  length  of  500  mm.  A  fully  developed 
turbuleni:  velocity  field  is  thus  obtained  at  the  exit  The 
influence  of  the  exit  Reynolds  number  (ranging  between 
1000  and  10000)  and  of  Che  aspect  ratio  (A  ~  10  and  25)  on 
the  mixing  characteristics  of  isothermal  turbulent 
rectangular  jets  has  been  previously  determined  (Sarti, 
1990,  Sarh  &  Gdkalp,  1991) 

The  density  variation  is  obtained  by  preheating  the  air 
flow  before  its  entry  into  the  rectangular  channel  which  is 


thermally  insulated  The  ratio  is  varied  between  1 

and  2  !n  the  experimental  part  of  the  study,  the  mean  and 
fluctuating  longitudinal  and  one  transverse  (along  the 
small  dimension  of  the  exit  section)  velocities  are 
determined  by  laser  Doppler  anemometry  The  mean  and 
fluctuating  temperature  fields  are  determined  by  cold-wire 
anemometry  Experimental  details  are  given  in  Sarh  (1990) 
In  the  present  paper,  the  main  emphasis  is  put  on  the 
structure  of  the  turbulent  velocity  field.  A  theoretical 
description  of  the  density  effects  on  the  centerline  decay 
rates  of  the  longitudinal  mean  velocity  and  the  mean 
temperatuie  is  also  developed  by  following  the  method 
first  Introduced  by  RodI  (1978)  A  new  definition  of  the 
effective  channel  width  to  take  into  account  the  global 
density  effects  is  proposed  The  predictions  of  the 
theoretical  model  are  compared  with  the  present 
experimental  results 


THEORETICAL  DESCRIPTION 


in  turbulent  rectangular  Jets  Issuing  into  a  quiescent 
medium,  it  can  be  shown  that  the  mass  flow  rate  Q  is 
related  to  the  momentum  flux  by  the  following 
relationship  (Hajaratnam.  1976) 


=  c, 


(1) 


where  p  Is  the  density,  x  the  downstream  distance  and  Cj 
a  constant  At  constant  static  pressure.  is  independent 
of  downstream  distance  and,  for  uniform  exit  conditions, 
equal  to  M^j  =  where  H  is  the  channel  width 

Eq  (1)  reduces  then  to 


(x  Mqj  p) 


03  ° 


(2) 


For  a  small  density  difference  between  the  jet  and  the 
surrounding  the  density  in  Eq  (2)  can  be  put  equal  to  p^ 
For  a  strong  density  difference,  a  bulk  density  pjj  can  be 
introduced  so  that 


-2 

p  U  dy 


-2 

U  dy 


where  y  Is  the  transverse  coordinate  In  the  present  work, 
m  order  to  simplify  the  analytical  treatment,  we  propose 
to  use  the  centerline  density  p^  instead  of  p^  in  Eq.  (2) 
The  difference  between  p^  and  in  our  experiments  is 
less  than  4%  (Sarh.  1990)  By  introducing  p^  and 
Qj  =  Pj  Uj  H,  Eq  (2)  becomes 
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Rodl  (1978)  and  Chen  and  Rodl  (1980)  solved  the 
conservation  equations  for  variable  density  turbulent  non- 
buoyant  free  jets  by  applying  the  classical  boundary  layer 
hypotheses  Integration  of  these  equations  over  the  Jet 
cross  section,  and  the  use  of  the  perfect  gas  law  to  relate 
the  gas  density  to  the  temperature  yields  the  following 
equations  . 

2  p  dy  =  (5) 

•^0 

2  p  Cp  U  AT  dy  =  (6) 

’^0 


Finally,  by  combining  the  Fqs  (10-12).  the  following  set 
of  equations  is  obtained 


where  y^  is  the  total  jet  width,  the  .nitial  momentum 
flux  and  the  initial  enthalpy  flux  dei.tied  as 

Nq  =  Pj  Cp  u  at  H 

The  main  assumption  of  this  model  is  to  suppose  that  m 
the  far  field,  where  density  differences  are  smeared  out 
because  of  the  mixing,  the  iranverse  profiles  of  the  mean 
longitudinal  velocity  and  of  the  mean  temperature  are 
geometrically  similar  ud  conform  to  the  following 
equations 

i  =  F’(n)  =  exp(-A  )  (8) 

^  r 


where  Ij,  I2  and  Ijj  refer  to  the  integrals  in  Eqs  (10),  (11) 
and  (12)  respectively  These  equations  are  similar  to  those 
established  by  Rod!  (1978),  except  that  the  density  ratio 
in  addition  to  P^/Py  appears  m  these  equations  The 
equations  are  solved  numerically  by  an  iterative  procedure 
using  the  ratio  as  a  parameter  In  solving  these 

equations,  we  used  the  following  values  for  the  constants 
A  =  068.  R=14  and  C|=0  6,  obtained  from  our 

measurements  for  the  weakly  heated  jet  (Sarh,  1990, 
Sarh&  GOkalp.  1991) 


RESULTS 


where  R  is  the  ratio  between  the  temperature  and 

velocity  jet  half-widths  and  r)  =  y/Lu  is  the  reduced 
transverse  coordinate  A,  K  and  Cj  are  determined  from 
the  experiments  By  combining  Eqs  (5  -7)  and  Eqs  (8,  9) 
the  following  set  of  equations  is  obtained 


(10) 


Theoretical  predictions 

The  predicted  variation  of  the  centerline  decay  rate 
constants  for  the  axial  mean  velocity  Uc  and  the  mean 
temperature  increase  ATc  are  plotted  on  Fig  1  against  the 
density  ratio  They  correspond  to  the  following  linear 
relations  • 


(16) 

2 

=  Kt(§-Ct) 

(17) 

where  the  subscript  0  refers  to  the  exit  section  The  higher 
decay  rate  of  the  temperature  is  confirmed  for  all  density 
ratios  This  implies  a  more  efficient  mixing  of  heat  as 
compared  to  momentum  Fig  1  shows  that  the  velocity 
half-width  is  only  very  weakly  influenced  by  the  variation 
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of  the  density  ratio  This  result  seems  to  contradict  the 
increase  in  the  decay  rates  with  the  Pg^/Pj  ratio,  but  could 
be  explained  by  the  strong  influence  of  the  density 
variation  on  the  virtual  origins  of  thejel  When  plotted  in 
logarithmic  coordinates,  the  data  of  Fig  J  show  a  power 
law  relation  with  the  same  exponent  (which  is  expected 
from  Eq  (9))  equal  to  0  81  for  the  d-  cay  rate  constants  of 
the  velocity,  Ky  and  the  temperature, 

Theoretical  predictions  of  the  effect  of  the  density  ratio 
p^/Pi  on  the  centerline  variations  of  the  longitudinal  mean 
velocity  and  the  mean  temperature  and  on  the 
downstream  variation  of  the  velocity  half-width  Lu  (from 
which  the  data  of  Fig  1  are  extracted)  are  presented  on 
Figs  2,  for  different  values  of  the  density  ratio  ranging 
between  0  2  (dense  jet)  and  5  (light  let)  The  predictions 
for  the  isothermal  (or  the  weakly  variable  density  case) 
are  also  presented  It  is  observed  that  the  centerline  decay 
rates  of  the  mean  velocity  and  temperature,  Increase  lor 
increasing  density  ratio,  indicating  an  increase  in  mixing 
efficiency  It  is  also  observed  that,  as  expected,  the 
linearity  of  these  evolut’ons  with  downstream  distance  is 
perturbed  when  the  density  raMo  P^^/Pt  departs  from  unity 
This  shows  that  the  introduction  of  tne  ratio  in  the 
previous  equations  Improves  the  representation  of  the 
global  density  effect  on  the  development  of  turbulent  free 
jet  flows  It  is  clearly  shown  that  the  downstieam 
variation  of  Lu  is  much  less  affected  by  the  density  ratio 

The  predictions  also  show  that  the  virtual  origins  Cy 
and  Cj  vary  with  the  density  ratio  a  value  very  close  to  0 
for  the  isothermal  or  the  weakly  variable  d-iisity  cases, 
positive  values  for  lighter  jets  and  nega  >e  values  for 
denser  jets  This  result  is  also  predict  j  by  Thnng  & 
Newby  (1953)  for  heated  axisymmetn  jets,  and  more 
recently  by  Pitts  (1991)  for  isothermal  -ut  variable  density 
axispymmetnc  Jets 

The  capacity  of  the  effective  channel  width  He, 
introduced  here,  (Eq  4)  to  accomodate  for  the  global 
density  effects  on  the  centerline  variations  of  mean  flow 
quantitites  is  confirmed  on  Fig^  3.  where  the  curves  of 
Figs  2  are  replotied  against  ihe  normalized  downstream 
distance  (X  •  X^j)/H^  where  (-  Cy  or  Cj)  is  the 
respective  virtual  origins  for  each  density  ratio 

Comparison  with  exp'  (mental  results 

The  experlmentul  results  obtained  In  this  study  on  the 
axial  variation  of  ihe  mean  velocity  and  temperature  are 
compared  in  th^  section  with  the  previous  predictions 
The  experimental  conditions  corresponding  to  isothermal, 
weakly  heated  and  strongly  heated  cases  arc  summarized 
on  Table  1. 


nature  of 
the  jet 

isothermal 

weakly 

heated 

strongly 

heated 

25 

300 

BE9HH 

1  I 

18 

Re 

5000 

5000 

Fr 

254 

Ma 

Table  1  Experimental  conditions 


Figs  4  compare  the  experimental  and  predicted 
variations  of  the  mean  centerline  quantities'  and  of  Ly  As 
shown  on  Table  1,  the  experimental  results  correspond  to 
air  Jets  issuing  from  the  rcctangulai  channel  with  a 
constant  Reynolds  number  equal  to  5000  for  each  density 
ratio  The  agreement  between  the  experiments  and  the 
theoretical  predictions  are  quite  satisfactory  (see  also 
Fig  1).  Figs  5  present  the  application  of  the  effective 
channel  width  to  the  normalization  of  the  experimental 
results  The  density  effect  is  again  taken  into  account  by 
the  normalized  downstream  distance  (X  -  Xjj)/Hg  This 
normalization  procedure  gives  also  excellent  results  when 
applied  to  the  experimental  results  of  Pitts  (1986,  1991),  as 
shown  in  Sarh  (1990) 

When  the  density  ratio  increases  from  1  to  2,  the  mean 
velocity  decay  rate  Ky  increases  from  0  19  to  0  35,  and  the 
virtual  origin  Cy  from  2  35  to  6  5.  The  corresponding 
variations  for  the  mean  temperature  are  respectively  (for 
the  density  ratios  equal  respectively  to  1  1  and  2)  0  23  to 
0  35  and  0  56  to  5  As  predicted  above,  the  axial  decay 
rates  and  the  virtual  origins  of  the  mean  velocity  and  the 
mean  temperature  increase  for  lighter  jets  The  same  data 
indicate  however  a  decrease  in  the  variation  rales  of  the 
velocity  and  temperature  half  widths,  K^y  and  Kyy 
Indeed,  between  the  weakly  and  strongly  heated  cases,  liie 
values  of  these  two  parameters  change  from  0  127  to  u  CS9 
and  from  0  19  to  0  144  respectively  It  is  noteworth)  that 
this  result  confirms  the  above  predictions  of  the  variation 
of  Ly  with  the  density  ratio  (cf  Fig  1)  For  both  density 
ratios,  the  temperature  half-width  is  higher  than  the 
velocity  half-width 

The  downstream  variation  of  the  normalized  mass  flux 
obtained  by  integration  of  the  transverse  mean  velocity 
profiles  IS  shown  on  Figs  6,  for  the  isothermal  and  heated 
jets  having  the  same  exit  Reynolds  number  of  5000  It  is 
observed,  first,  that  the  entrainment  capacity  of  the  light 
jet  IS  higher  and.  second,  that  the  introduction  of  the 
effective  channel  width  accounts  well  for  this  global 
density  effect  The  first  point  above  is  in  agreement  with 
the  results  reported  by  Ricou  &  Spalding  (1961) 

For  isothermal  turbulent  plane  jets,  the  constant  in 
Eq  (3)  was  found  to  be  equal  to  0  63  by  Rajaratnam  (1976) 
and  to  0  57  by  Schlichling  (1968)  Our  results  for  the 
turbulent  rectangular  jets  give  Cj  =  0  60  for  the  isothermal 
case  and  “  0  88  lor  P^/P^  *  ^  The  entrainment  rate  E 
(not  shown  here),  defined  as 

E  =  — 

shows  a  maximum  value  located  at  X/H  =  95  for  both 
isothermal  and  strongly  heated  jets  (Sarh,  1990)  The 
maximum  values  of  E  are  respectively  0  111  and  0)38 
Hussain  &  Clark  (1977)  have  shown  that  the  location  of  the 
maximum  entrainment  rale  is  strongly  configuration 
dependent,  and  is  smaller  than  X/H  <1  for  a  turbulent 
plane  jet,  but  varies  between  X/H  =  8  and  10  for  a 
turbulent  rectangylar  Jet  The  maximum  value  of  E  is  also 
Reynolds  number  dependent  and  decreases  with  increasing 
Re  for  both  jet  configurations  On  the  other  hand,  for  the 
same  Reynolds  number,  the  values  of  F^iax  ^  turbulent 
plane  jet  me  approximately  twice  those  of  a  turbulent 
rectangular  jet  This  is  generally  explained  by  the  different 
nature  of  the  initial  boundary  layers  and  it  is  believed  that 
a  jet  with  laminar  initial  boundary  layers  has  a  higher 
entrainment  capacity  (Hussain  &  Clark,  1977)  This  should 
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then  explain  the  lower  values  of  the  entrainment  rate  for  a 
turbulent  rectangular  jet  which  has  turbulent  Initial 
boundary  layers  In  our  experiments,  the  fact  that  the  exit 
Reynolds  number  Is  kept  constant  between  the  isothermal 
and  strongly  heated  cases  Implies  that  the  Reynolds 
number  is  not  the  factor  which  explains  the  inciease  of  the 
entrainment  rate  in  the  strongly  healed  case 

Another  important  discussion  In  the  literature  on 
variable  density  turbulent  Jets  concerns  the  role  of  the 
Initial  or  exit  conditions  (Fulachier  et  al.  1989).  Indeed, 
when  Investigating  the  effects  of  density  variations  on  the 
development  of  turbulent  Jets.  It  is  Important  to  decide 
which  initial  parameter  to  keep  constant  for  varying 
density  ratios  the  Jet  Reynolds  number,  the  jet  exit 
velocity,  the  mass  flow  rate,  the  Initial  momentum  flux  or 
the  initial  enthalpy  flux  For  example.  Pitts  (1991)  and 
Birch  et  al  (1978)  kept  constant  the  exit  Reynolds  number, 
whereas  Sforza  &  Mons  (1978)  and  Panchapakesan  & 
Lumley  (1988)  Fixed  the  initial  momentum  flux  This  point 
should  be  considered  when  comparing  the  results  on 
variable  density  effects  found  in  the  literature 

A  contribution  to  this  discussion  may  be  obtained  from 
our  experimental  results  where,  for  varying  density  ratios, 
we  kept  constant  the  exit  Reynolds  number  or  the  initial 
mass  flux  or  the  initial  momentum  flux  Figs  7  show  that, 
for  the  three  modes  of  operation,  the  heated  Jet  axial  mean 
velocity  d^'cays  faster  than  that  of  the  isothermal  jet  Figs 
8  show  Che  centerline  mass  flux  normalized  by  its  exit 
value  for  the  three  modes  of  operation  The  mass  flux  on 
the  centerline  is  systematically  higher  for  the  heated  jet 
However,  when  the  initial  momentum  flux  is  Kept  constant, 
the  differences  between  the  isothermal  and  heated  jets  are 
reduced  and  confined  to  the  far  do'.nstream  region 
Finally,  Figs.  9  show  that  the  normalized  centerline 
momentum  flux  is  not  influenced  h,  the  density  ratio 
whatever  the  mode  of  operation  These  results  need  to  be 
confirmed  for  stronger  density  variations 


CONCLUSION 

This  paper  has  focused  on  the  global  density  effects  on 
the  mixing  behaviour  <  i  turbulent  rectangular  jets  The 
theoretical  description  utilized  the  classical  work  of  Rodi 
(1978)  It  has  been  si  .wn  that  the  effective  channel  width, 
defined  by  using  the  ratio  between  the  centerline  density 
and  the  jet  exit  density  accounts  for  the  density  effects  on 
the  centerline  di  cay  rates  of  mean  quantities  These 
effects  indicate  that  the  axial  decay  rates  of  mean  velocity 
and  temperature  increase  when  the  density  ratio  between 
the  ambient  medium  and  the  jet  Is  increased  and  thus 
show  enhanced  mixing  efficency  for  lighter  Jets  A  weaker 
influence  on  the  velocity  half-width  is  also  predicted  It  is 
shown  that  the  decay  rate  of  the  temperature  is  higher 
tnan  that  of  the  velocity  for  the  density  ratio  range 
explored  (0  2  to  5),  indicating  that  heat  is  mixed  more 
efficiently  than  momentum 

These  theoretical  predictions  have  been  compared  with 
the  experimental  results  of  the  mixing  behaviour  of  heated 
turbulent  air  jeti  issuing  vertically  from  a  long  rectangular 
channel  into  still  air  P  i^  found  that  for  a  density  ratio 
varying  between  1  and  2  and  for  a  constant  exit  Reynolds 
number  the  previous  theoretical  predictions  have  been 
confirmed.  It  has  a'so  been  snown  expc  'mentally  that  the 
axial  velocity  decay  rate  incrrii.>es  with  increasing  density 
ratio,  whether  the  exit  Reync  ds  number,  the  initial  mass 
flux  rate  or  the  Initial  momentum  flux  rate  are  kept 


constant  This  experimental  study  is  currently  being 
extended  by  increasing  the  density  ratio  to  higher  values 
by  investigating  the  mixing  of  Isothermal  Jets  with  very 
different  densities 
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Fig.  1  Predicted  variation  of  the  global  jet  parameters  with 
the  density  ratio  Comparison  with  experimental  data 


Fig  6  Downstream  variation  of  the  normalized  mass  flux 
in  physical  and  renormalized  coordinates 
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Fig  7  Centerline  decay  of  the  axial  mean  velocity  for 
different  constant  initial  conditions. 


Fig  9  Centerline  variation  of  the  momentum  flux  for 
different  constant  Initial  conditions 
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ABSTRACT 

An  experimental  atudy  of  the  evolution  of  turbulent  wakes 
behind  axisymmetric  bodies  was  carried  out  using  arrays  of 
hot-wires  and  flow  visualization  The  bodies— sphere,  disk,  and 
several  disk«shaped  screens  of  varying  solidity— were  tailored 
to  ger>erate  the  same  momentum  area  The  results  indicate  that 
tl^  wakes  develop  in  an  approximately  self-preserving  manner, 
with  at  least  two  characteristic  velocity  scales  required  Flow 
visualization  studies  show  that  the  existence  of  large-scale 
coherent  structures  coincides  with  the  presence  of  a  reverse 
flow  region  behind  the  body  Two-dimensional  Fourier  analysis 
of  data  from  an  axisymmetric  rake  of  hot-wires  reveals  that 
these  large-scale  structures  are  predominantly  helical  with 
both  m  •  4l  and  -1  azinjuthal  modes  present  Special 
proceuing  of  these  uata  allows  the  amplitudes  of  the  dominant 
i1  modes  to  be  determincKf  as  a  function  of  time  The  relative 
parity  between  these  dominant  modes  is  discussed, 


INTRODUCTION 

Turbulent  wakes  behind  axisymmetric  bodies  m  the  absence 
of  a  pressure  gradient  have  beim  the  subject  of  many  experi¬ 
mental  investigations  (see  Torobln  and  Qauvin,  t9S9a,b)  The 
results  of  these  studies  have  oenerally  supported  the 
traditional  hypothesis  that  wake  evolution  proceeds  in  a  self- 
preserving  manner,  based  on  a  length  scale  fg  (Fig  1)  and  a 
single  velocity  scale  ug  (Hwang  and  Baldwin,  19^,  Uberoi  and 
Freymuth,  1970,  Bevilaqua  and  Lykoudis,  1976)  This  support  is 
based  on  observations  that  the  streamwise  variations  of  Ig  and 
uq  were  found  to  be  proportional  to  and  respec¬ 
tively,  the  exponents  obtained  from  the  traditional  self- 
preservation  analysis  Usually,  this  fit  is  obtained  by  intro¬ 
duction  of  a  non-zero  virtual  origin,  xg  It  should  be  noted  that 
the  local  Reynolds  number  (foUg/i/)  decreases  with  downstream 
distance  for  the  axisymmetric  wake,  and  this  is  fundamentally 
inconsistent  with  the  concept  of  complete  self-preservation 
Large-scale  coherent  structures  associated  with  vortex 
shedding  have  been  observed  in  the  wakes  of  axisymmetric 
bluff  b^ies,  they  give  the  wakes  a  contorted  appearance 
when  viewed  from  the  side  in  flow  visualization  experiments 
Tho  azimuthil  periodicity  Imposed  by  the  axisymmetric 
boundary  conditions  enablea  the  deoompMition  of  streamwise 
velocity  components  into  ciroumferential  Fourier  modet.  Fud>s 
et  al  (1979)  show  that  in  the  near  waka  behind  a  diek  and 
cone,  the  helical  mode  (m  •  1)  governs  the  large-acaie 
structures  at  the  vortex-shading  Strouhal  number  A  similar 
result  was  obtained  by  Achenbach  (1974)  for  spheres  The 
manner  in  which  these  atructures  form  and  evolve  has  been  the 
subject  of  continuing  controversy  (Jeffreys,  1930,  Achenbach, 
1974,  Pao  and  Kao,  1977,  Bwgar  et  al.,  1990).  The  focus  of  the 
controversy  stems  from  efforts  to  reconcile  interpretation  of 
experimental  observations  with  Thompson's  Circulation  Theo¬ 
rem  The  analysis  of  Pao  and  Kao  for  sphere  wakes  suggests 
that  a  double  helix  with  a  closed-end  start-up  loop  does  not 
violate  Thompson's  Theorem  and  therefore  provides  a  viable 
explanati.  .  for  their  experimental  obaervations.  On  the  other 
hand,  Ber^  et  al  suggMt  the  presence  of  a  single  heiix  that 
changes  its  sense  of  rotation  randomly  in  time,  le.  the 
alternating  presence  of  m  H  helical  modes 

The  nature  and  evolution  of  the  large-scale  structures  were 
studied  using  hot-wire  snemometry  and  smoke-wire  flow  visu¬ 
alization  Flow  visualization  utilizing  a  2-D  sheet  of  light  gives 
only  a  partial  picture  of  the  typically  3-D  flow  fields  that 
develop  behind  the  axisymmetric  bodies.  Information  on  the 
azimuthal  organization  of  large-scale  structures  in  the  present 
study  was  obtained  from  2-D  Fourier  transformation  of  the  time 
senes  of  the  streamwise  velocity  component  measured  simulta¬ 
neously  at  eight  equally  spaced  points  on  a  circle  of  radius  r 
The  measurements  were  obtained  with  a  novel  traversing 


Fig  1  Cylindrical  coordinate  system  and  nomenclature  for 
wake  profiles 

mechanism  that  uses  a  single  stepper  motor  to  move  all  eight 
wires  simultaneously  in  the  radial  diraction  This  arrangement 
allows  for  decomposition  of  the  velocity  signals  into  azimuthal 
modes  -3  to  -t-4  (the  numbers  represent  the  direction  of  travel 
and  number  of  cycles  the  signal  repeats  itself  in  2s  of 
azimuthal  distance).  Further,  the  velocity  signals  from  three  of 
the  wirea  in  the  array  were  used  to  educe  time-varying  signals 
indicating  the  presence  of  the  m  •  t)  helical  modes 


The  wakes  behind  a  solid  disk  and  screens  of  varying 
solidity  were  studied  to  provide  a  variety  of  initial  conditions 
in  terms  of  the  strength  of  vortex  shedding  from  the  body  The 
downstream  region  &  <  x/9  <  130  was  investigated,  it  corre¬ 
sponds  to  10  <  x/d  <  35  for  the  solid  disk  The  momentum 
area  ^  is  defined  by 
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rdr  -  const 


(1) 


The  momentum  area  was  the  same  for  all  wake  generators  A 
limited  hot-wire  study  of  a  sphere  wake  was  also  earned  out 
to  provide  Intonnation  for  comparison  with  the  earlier  studies 
mentioned  above 


EXPERIMENTAL  CONSIDERATIONS 

All  the  experiments  were  carried  out  in  The  University  of 
Arizona's  low-spetd  wind  tunnel  The  19  7-m-long  tunnel  is  a 
ciosad-circuit  type  with  a  0,61-m-wide  by  0  91-m-tali  test 
section  that  is  made  up  of  a  1  22-m-lortg  removable  inounting 
section  followed  by  a  4  88-m-{or)g  measuring  section  A 
complete  description  of  this  facility  is  givon  by  Cannon  (1991) 
The  test  bodies  are  suspended  in  the  middle  of  the  mounting 
section  with  0003-in.  .ungsten  support  wires  The  support 
wires  pass  through  horizontal  slots  in  the  two  walls  and  are 
attach^  to  a  set  of  sliding  frames  This  mounting  arrangement 
provides  dampening  to  effectively  eliminate  streamwise 
nnotions  of  the  mounted  body  and  for  fine  adjustment  of  the 
distance  between  the  aft  end  of  the  body  and  the  measuring 
probes  when  the  axisymmetiic  rake  is  used  All  measurements 
are  referenced  to  a  cylindrical  coordinate  system  whose  origin 
is  St  the  rear  end  of  the  wake  generator  (Fig  1) 

The  wakes  were  generated  by  a  disk  and  three  disk-shaped 
screens  of  varying  aolidity  o  (ratio  of  solid  to  total  frontal 
araa)  Additionally,  a  sphere  was  used  to  study  the  momentum 
balance  that  exists  m  the  woke  and  tfte  axial  variation  in  the 
1-D  spectra  These  wake  generators  provide  a  variety  of  initial 
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condition!  to  the  oncoming  uniform  flow  field,  but  ere  tailored 
in  iize  10  a!  to  generate  the  tame  momentum  area,  6^,  and 
thus  the  same  drag  force.  B  The  everage  value  of  Q  is 
approximately  7  5  mm  The  solid  disk  is  28  0  mm  in  diameter 
The  diameters  of  the  three  screens  ere  37  5  mm,  309  mm,  and 
30  9  mm,  and  their  solidities  are  0  49,  062,  and  0  84, 
respectively  The  diameter  of  the  sphere  is  46  7  mm  The  disk 
and  screen  wakes  were  investigated  for  their  sensitivity  to 
body  alignment  to  the  flow  direction  This  was  not  a  critical 
issue  for  small  misalignment  angles  up  to  3^  The  measure¬ 
ments  were  made  at  a  free-stream  velocity  of  7  m/s  with 
streamwise  fluctuations  of  0  0003  £/«,,  the  corresponding 
Reynolds  number  (Re*  ■  BVa^lv)  is  3,500  To  obtain  adequate 
resolution  of  wake  deficits  as  small  as  0  01  Ihe  free- 
stream  temperature  of  the  wind  tunnel  was  controlled  to  within 
a  drift  range  of  0  03^0 

AM  the  velocity  measurements  were  obtained  using  hot-wire 
enemometry  and  digitally  recorded  with  a  12-bit  A/0  converter 
onto  a  Masscomp  minicomputer  The  mean  flow  measurements 
and  the  momentum  balance  measurements  were  obtained  with 
linear  rakes  of  either  straight-  or  x-wire  probes  A  specie! 
axisymmetric  rake  (provided  by  Professor  Heinz  Fiedler)  of 
straight-wire  probes  was  used  to  explore  the  modal  structure 
of  the  a  -  0  49  screen  and  disk  wakes 

The  smoke-wire  technique  was  used  to  provide  flow 
visualization  of  the  wakes  in  2-0  slices.  Three  smoke-wires 
spaced  5  mm  apart  were  employed  to  provide  a  thicker  sheet 
of  smoke  for  better  visualization  of  the  highly  irregular  3-D 
wakes  The  vertical  sheet  of  smoke  particles  emanating  from 
the  Wires  is  illuminated  by  a  rotating  laser  beam  from  a  2-watt 
argon  ion  laser  The  full  width  of  the  wake  is  scanned  within 
2  3  msec  The  sweep  rate  of  the  laser  beam  sets  the  exposure 
time  for  the  photographic  records  of  the  smoke-particle 
streakiines  Trigger  delay  switches  were  used  to  synchrrmize 
the  camera  and  the  heating  of  the  smoke-wires  to  the  motion 
of  the  stepper-controlled  laser  beam 

FLOW  VISUALIZATION 

Side-view  (x-r  plane)  photographs  of  the  near  end  far 
wakes  b(*hind  the  disk  and  screen  bodies  are  presented  in  Fig 
2  The  smoke  wires  are  visible  under  the  darkened  triangles  at 
the  top  of  each  photograph,  ana  the  bodies  are  apparent  to 
the  right  of  the  wires  m  the  near-wake  photographs  The  most 
distinguishing  feature  between  the  bodies  for  which  a  •  1  00 
(disk)  and  0  64  and  the  bodies  for  which  a  •  062  end  049  is 
the  shape  of  the  large-scale  structures  associated  with 
coherent  vortex  shedding  The  wakes  of  the  disk  and  high- 
solidity  screen  are  wider,,  more  contorted,  and  appear  to  have 


a  characteristic  streamwise  wave'ength  associated  with  large- 
scale  structures  of  approximately  25  9  The  passage  frequency 
of  the  large  coherent  structures  associated  with  this 
wavelength  yields  St^  -  015  for  the  disk  (Re^  -  1  32  k  10^) 
Spectral  measurements  for  the  disk  wake  display  a  peak  at  St^ 
«  0  13  These  values  compare  well  with  the  vortex-shedding 
frequency  Stw  ••  0  14  measured  in  the  near  wake  of  a  disk  by 
Hwang  and  Baldwin  (1966)  at  Re,^  -  1  9  k  10^  In  contrast  to 
the  wakes  of  the  disk  and  highest  solidity  screen,  the  free- 
stream  boundaries  of  the  wakes  of  lower  soiidity  screens 
appear  to  be  less  irregular  and  contorted  Note  that  this 
observation  applies  to  ^th  the  near  and  far  wakes  of  the 
lower  solidity  bodies,  indicating  the  absence  of  iarge-scale 
coherent  structures  that  scale  with  the  width  of  the  body 

The  presence  of  smoke  upstream  of  the  smoke-wire  in  the 
near  wake  of  the  disk  and  highest  solidity  screen  (Figs  2c,  d) 
IS  evidence  of  reverse  flow,  which  may  indicate  that  uq  > 
upstream  of  the  smoke-wire  Sequential  photographs  of  the 
near-waka  region,  taken  with  the  spacing  t^tween  the  smoke- 
wire  and  the  body  fixed,  alternateiy  show  both  the  absence 
and  presence  of  smoke  upstream  of  the  smoke-wire,  an 
indication  that  the  axial  extent  of  the  recirculation  bubble 
oscillates  in  time  No  smoke  is  present  upstream  of  the  smoke- 
wires  for  the  lower  solidity  screens  (Pigs  2a.b),  and  none  was 
o'^ident  (or  a  variety  of  spacings  between  the  wire  and  body 
up  to  and  Including  a  distance  as  small  of  0  25  of  the  body 
diameter,  this  confirms  the  absence  of  reverse  flow  for  the 
lower  solidity  screens  While  no  attempt  was  made  to 
determine  the  value  a  •  oq  for  which  reverse  flow  exists  Figs 
2b,c  suggest  060  s  s  0  85  The  main  d'fference  between 
the  four  bodies  is  the  degree  of  venting  in  the  direction  of  the 
flow  It  is  clear  that  for  a  fixed  Re^,  a  decrease  in  solidity 
corresponds  to  a  decrease  in  the  maximum  normalized  wake 
deficit  in  the  near  wake,  with  the  eventual  disappearance  of 
the  region  of  reverse  (low  that  is  attached  to  the  rear  of  the 
body  The  co-existence  of  contorted  large-scale  structures 
with  a  recirculation  region  is  consistent  with  the  findings  of 
Monkewitz  (1988)  regarding  the  effect  of  wake  deficit  on  the 
occurrence  of  absolute  instability  of  the  near  wake 

WAKE  SIMILARITY 

The  differences  in  wake  width  observed  in  the  photographs 
were  quantified  using  hot-wire  measurements  of  the  u  velocity 
component  taken  at  different  x-locations  downstream  of  the 
bodies  The  characteristic  scales  un  and  ig  were  determined 
for  each  body  in  order  to  examine  tne  degree  to  which  the  far 
wakes  (uq  i  0.1  are  self-preserving  and  to  compare  their 
growth  rates  Normalized  radial  profiles  of  time-averaged 
velocity. 


Fig  2  Flow  visualization  comparison  for  disk-shaped  bodies  of  different  solidities:  (a)  a  •  0  49  screen, 
(b)  (7  •  062  screen,  (c)  o  -  0.84  screen,  and  (d)  solid  disk  (<7  •  1) 
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for  each  body  are  preaented  tn  Pig  3,  ri  la  the  normalized 
radiut  r/tQ  The  normalized  profiiaa  for  each  body  collapse 
fairly  well,  indicating  the  mean  velocity  field  develops  in  an 
approximately  self-preserving  manner,  though  not  as  self¬ 
preserving  as  the  mean  velocity  field  in  turbulent  wakes 
behind  2-D  planar  bodies  (Maiasli,  1969)  All  the  screen  wakes 
exhibit  the  same  self-preserving  form,  whereas  the  disk  wake 
profile  IS  relatively  flatter  in  the  center  region  and  has  a 
steeper  slope  near  ••  1 


Pig  3  ;:^lf-preserving  mean  velocity  profiles. 


The  variation  of  «nd  '• 

shown  in  Pigs  4a  and  4b,  respectively  CHie  value  of  xq,  the 
virtual  origin,  was  chosen  for  Mch  wake  generator  so  that  the 
momentum  integral  constraint.  IqUq  •  constant,  is  satisfied  end 
the  fo  data  grow  in  a  least  squares  fashion  as  (x  •  xq)^^  It 
should  be  noted  that  when  we  plotted  C/«/uq  and  Iq  versus 
x/6.  the  data  appeared  to  fall  between  the  exponents  predicted 
for  viscous-dominated  growth  (fg  a  xt^2  and  ug  »  x*^)  and 
those  for  turbulence-dominated  growth  that  are  given  above 
When  XQ  was  chosen  based  on  the  viscous  exponents,  a  plot 
similar  to  Fig  4  was  prepared  using  the  viscous  exponents 
The  data  appear  to  fit  the  model  as  well  as  those  indicated  for 
the  turbulence  model  The  concern  with  the  choice  of  growth 
exponents  was  motivated  by  the  fact  that  the  local  Reynolds 
number  decreases  with  x  Attempts  to  fit  uq  and  Iq  data  to  the 
function  y  •  a((x  -  xo)/6]^  using  a  least  squares  curve  in  order 
to  independently  determine  xq,  o,  and  b  have  so  far  been 
unsuccessful  The  data  shown  in  Pig  4a  show  that  the  bluff 
body  wakes  spread  more  rapidly  because  of  the  vigcM^ous 
action  caused  by  the  large-scale  nliucture  associated  with 
vortex  shedding  The  data  show  some  clustering  of  both  length 
and  velocity  scales  to  either  side  of  <r  •  which  is 
consistent  with  Fig  2 

The  turbulent  velocity  field  behind  2-0  planar  bodies  is 
self-preserving  based  on  the  velocity  and  length  scales  uq  and 
Iq  of  the  mean  flow  field  (Marasli,  1989)  Previo'js  experinwttal 
investi^tions  (Uberoi  ai^  Preymuth,  1970,  Bevllaqua  and 
lykoudis,  1978)  have  generally  supported  this  same  concept 
for  axisymmetnc  wakes.  However,  Hinze  (1975)  and.  more 
recently,  George  (1987)  suggest  the  possibility  that  at  least 
two  velocity  scales,  uq  (<  *^10  for  the  turfcxjtent 

Reynolds  stress),  could  be  required  for  self-preservation  of  the 
streamwise  component  of  the  mean  momentum  equation  for 
wakea  behind  axisymmetnc  bodies--a  case  of  IncrxnpJete 
similarity  Measured  distributions  of  normalized  by  u5(r) 
tor  the  a  •  0.49  screen  are  shown  in  Pig  5a.  The  direction  of 
the  arrow  in  the  figure  shows  the  direction  of  separation  of  the 
profile#  with  increasing  x  values,  this  spread  tndicalea  that  the 
normalized  distributiona  do  not  collaf^.  ft  la  clear  that  uq 
decays  more  rapidly  than  the  rms  of  the  velocity  ffuctuatimw 
Pigure  5b  shows  the  same  distributions  but,  here,  normalized 


(a)  Length  Scales 


(b)  Velocity  Scales 


Pig  4  Comparison  of  characteristic  scales 


(b)  Self-Scaled 

Pig  5  Collapse  of  variance  velocity  field  for  u  > 

screen  wake 
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by  the  average  peak  value  for  each  distribution  The 
improved  collapse  of  the  self-normalized  profiles  indicates 
that  a  new  velocity  scale  is  required  aiV‘  that  incomplete 
similarity  may  exist  As  the  turbulent  Reynoir  $  stress  -piiV  was 
not  measured  for  the  disk  and  screen  wakas,  we  will  use  the 
scale  to  characterize  the  turbulent  velocity  field  To 
determine  if  the  two  velocity  scales  ire  converging  with 
increasinc  x,  their  ratio  (square  root  of  fo  uq)  is  plotted 
versus  downstream  distance  to  log-log  scale  for  the  screen 
and  disk  wakes  in  Fig.  6  The  two  scales  appear  to  maintain 
separate  decay  rates  to  the  d',  Arnstream  limit  of  the  present 
investigation 
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Pig  6  Departure  of  variance  from  mean  velocity  scale 

Besides  assessing  the  convergence  of  the  growth  rates  of 
velocity  scales,  Fig.  6  also  provides  a  comparison  amongst  the 
different  wake  generators  of  the  size  of  the  turbulent  scale 
relative  to  that  of  the  mean  scale  For  example,  the  ratio  of  the 
two  scales  is  approximately  one  for  the  disk  wake  and 
approximately  one-third  for  the  c  -  049  screen  wake  Thus, 
when  comparing  the  wakea  at  downstream  locations  where  the 
defect  velocities  are  the  tame  size,  the  bluffer  bodies  have  a 
higher  average  level  of  turbulence  available  for  continued 
mixing  end  spreading  of  the  wake 

Qiven  the  ambiguity  rege'ding  the  growth  rates  falling 
between  those  for  viscous-  and  ti'roulence-dominated  growth 
and  the  fact  that  at  least  two  length  scales  appear  to  be 
necessary  for  self-preservation,  we  decided  to  examine  the 
streamwise  momentum  balance  in  these  flows  A  sphere  wake 
was  chosen  for  study,  as  it  hut  been  reported  on  more 
frequently  in  the  hterature  than  *he  disk  and  screen  wakes 
The  size  of  the  sphere  was  chosen  to  have  the  same 
momentum  area  as  the  otsk  and  screens,  thereby  maintaining 
Re^  constant  Transverse  distributions  of  mean  and  turbulent 
velocity  fields  were  obtained  using  a  linear  rake  of  x-wire 
probes  Measurements  were  extended  to  the  region  where 
uq/V^o  -  001  The  results  verified  that  the  momentum  balance 
IS  between  the  convective  acceleration  and  turbulent  Reynolds 
stress  terms  and  that  the  momentum  integral  constraint  is 
satisfied.  The  measursd  values  of  ug  and  fg  show  the  same 
behavior  as  their  counterparts  for  the  disk  wake,  though  the 
sphere  wake  is  slightly  wider  As  is  the  case  with  the  other 
generators,  the  ug  and  velocity  scales  for  the  sphere  wake 
are  distinct  and  non-convergmg  to  the  end  of  the  measuring 
domain  (Fig  7)  The  downstream  variations  of  and 

are  also  presen'^id  in  Fig  7.  The  average  peak  value 
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Fig  7  Uniformity  of  turbulent  velocity  scales  for  sphere 


frnm  the  measured  Reynolds  stress  distributions  determines 
14^2  The  choice  of  uyy  to  scale  the  turbulent  velocity  field  is 
supported  by  the  constant  value  of  the  ratio  The 

s^ere  wake  results  verify  that  more  than  one  velocity  scale  is 
required  for  self-preservation  of  the  mean  and  turbulent 
velocity  field,  which  is  contrary  to  some  earlier  studies 

LAHQE-SCALE  STRUCTURES 

Time  series  for  the  streamwise  velocity  component  meas¬ 
ured  simultaneously  at  eight  equally  spaced  points  on  a  circle 
of  radius  r  were  obtained  for  the  disk  and  a  •  049  screen 
wakes  using  the  axisymmetric  traversing  mechanism  These 
data  allow  for  a  2-D  Fourier  transformation  with  respect  to 
time  and  azimuthal  coordinate  Normalized  power  spectra 
/4(Stg,  m,  of  the  azimuthal  modes  m  -3  to  +4  were 
measured  at  x/d  •  105.  9  •  1  The  spectra  are  normalized  by 
the  sum  of  the  amplitude  terms  over  all  frequencies  end  mode 
numbers  Frequency-weighted  modai  spectra,  St9<4  are 
presented  in  raster  format  (by  mode  numbw)  in  Rgs  8  and  9 
for  the  disk  wake  and  a  -  0  49  screen  wake,  respectiveiy  Aiso 
presented  are  the  frequency-weighted  1-D  cpectra  St^/'ISt^,  0, 
e)  for  each  of  the  eight  azimuthaiiy  spaced  iocations  The  disk 
wake  IS  distinguished  by  spectral  peaks  in  ine  m  •  t1  mode 
spectra  at  St^  »  0  036  (St^  -013)  and  peaks  in  tne  1-D  spectra 
at  the  same  St$  In  contrast,  the  m  -  S1  mode  spectra  for  the 
non-shedding  screen  exhibit  a  broad,  iower  aniplitude  peak 
near  St^  -  0.052,  whiie  the  corresponding  .-D  spectra  display 
no  evident  peaks  The  relative  amplitude  of  the  spectral  peaks 
for  m  «  sl,  along  with  that  of  the  other  modes,  is  shown  in 
Figs  8c  and  9c  The  amplitudes  of  the  m  «  t1  mc^es  dominate 
the  disk  wake  at  the  shedding  frequency  The  modai  spectra 
fcM*  the  disk  wake  show  differences  in  shape  at  frequencies 
below  (he  shedding  frequency,  with  the  even-mode  spectra 
being  consicderably  flatter  than  those  for  the  odd  modes  The 
iow-frequoncy  structure  of  all  the  n>ode  spectra  for  the  screen 
wake  appear  to  be  similar  in  shape 

Contours  of  constant  54/4  as  a  function  of  normalized  radial 
location  1)  and  either  frequency  (at  m  •  1)  or  mode  number  (at 
the  peek  value  of  SL)  were  examined  for  the  disk  and  the  0  • 
C4P  screen  wakes  For  the  disk  wake,  the  contours  in  the 
plane  emphasize  the  dominance  of  the  -fl  (and  -1)  modes  at 
St^  •  0  036  in  the  spectra  The  peaks  in  the  contours  are 
centered  near  the  radial  location  t)  •  1,  which  is  also  the 
location  of  the  highest  velocity  gradient  (and  where  the  peak 
in  the  variance  profiles  occurs)  For  the  screen  wake,  the 
contour  levels  for  the  4I  (end  -1)  modes  at  St^  -  0052  are 
largest  near  7  •  0  and  then  diminish  m  prominence  with 
distance  from  the  center  of  the  wake 

The  sharp  peak  in  the  spectra  at  the  sheidins  frequency 
persists  throughout  the  far  wake  of  axisymmetric  bluff-body 
wakes  like  that  of  the  sphere  and  disk  Additional  spectral 
measurements  of  the  s.reamwise  velocity  component  in  the 
sphere  wake  exhibit  a  single  peak  at  8^-  0027  (St^  -  0 17) 
which  IS  invariant  with  x.  This  invariance  is  exproted  for  a 
globally  driven  or  absolute  instability  This  characteristic 
Strouhal  number  St^  «  017,  obtained  at  Re^  -  21,800,  may  be 
compared  with  the  range  of  absolutely  unstable  values  of  017 
i  St2^  i  021  calculated  by  Monkewitz  (1988)  His  calculations 
assumed  parallel  flow  and  were  for  a  family  of  wake  profiles 
in  which  b  refers  to  the  radius  at  which  the  wake  defect 
velocity  IS  0  5  {/go  the  centerlinn  defect  is  ug  - 

Unfortunblety,  x  varying  mode  spectra  have  not  yet  been 
obtained  in  the  wake  t^hind  the  ^  -  049  screen  Its  frequency 
of  peak  amplitude  would  be  expected  to  vary  in  a  manner 
consistent  wiih  a  convectively  driven  instabili'>— to  move 
toward  lower  frequencies  at  a  rate  inversely  proportional  to 
the  wake  spread  rate 

TEMPORAL  VARIATION  OF  m  -  ll  MODES 

As  mentioned  previously,  tf'e  nature  of  the  large-scale 
structures  aMOcial^  with  vortex  shedding  in  the  wakes  behind 
axisymmetric  bodies  is  a  controversial  issue  Information  on 
the  azimuthal  organization  of  these  large-scale  structures  was 
obtained  at  x/$  •  100  for  both  the  disk  and  non-iheddmg 
screen  using  the  axisymmetric  rake 

A  th.'ee-point  method  of  analysis  was  devised  to  provide  a 
discr:.m:n3nt  for  the  time-varying  features  of  tlie  m  »  i1 
structures  In  t.ie  analysis,  the  measured  data  are  represented 
by  Fourier  modes  and  it  is  assumed  that  the  spectrum 
measured  by  each  probe  hat  the  same  shape  Let  the  de¬ 
meaned  and  variance-normalized  velocity  measurement  by  the 
probe  at  azimuthal  location  0  be  represented  by  u>) 

Such  a  signal  that  is  filtered  to  pass  only  angular  frequency  ue 
and  modes  m  -  t1  could  be  expressed  by 
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(a)  Rasters  by  Azimuthal  Location 


St0  A(m,St0.rj) 

(b)  Rasters  by  Mode  Number  (c)  Amplitudes  at  St«  -  0036 


Notes  for  Raster  Plots  (Figs  8,  9,  10a) 

Ordinate  scale  applies  to  bottom  raster 
Each  raster  scaled  up  by  a  factor  of  10  from  the  previous  raster 

F19  6  One-  and  two-dimensional  Fourier  decon^>osiiion  results  for  disk  wake  (x/6  -  105,  t)  •>  083) 
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(b)  Rasters  by  Mode  Number  (c)  Amplitudes  at  St^  -  0052 


Fig  9  One-  and  two-dimensional  Fourier  decomposition  results  for  7  «  049  screen  wake  (x/d  -  105,  it  -  091) 
(See  notes  for  raster  plots  m  Fig  8  ] 
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Fig  10  Analysis  of  ±1  mode  parity  for  a  wake  forced  at  m  - 
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h^{t,  w)  -  H^(t,  u) 

-  b^i  •in{0  +  Wf/  +  <I>^i  1  -  b.i  8in{0  -  w,/  -  4*.i },  (3) 

where  //^(r,  w)  contains  all  the  terms  m  H^{t.  w),  except  for 
the  two  components  at  m  -  for  w  «  In  the  above  equa¬ 

tion,  the  ^'8  are  the  amplitude  coefficients  of  the  ±1  modes  at 
u)  *•  Wj  and  the  4>'8  are  phase  shifts  relative  to  /  •  0  Data  from 
probes  at  ^  0,  s/S,  n  can  be  combined  to  yield  discriminants 

for  the  m  -  +1  and  m  -  -1  modes  at  frequency  w  - 

«j)  -  Wf)  -  /f,/2(r  +  «>() 

•  26^^  smicj^r  +  (4a) 


W-1  (t.  wJ  -  h,/2{t  +  2^,  C0()  -  hg{t. 

••  2i.iSin{W(;^  4>.^)  .  Hb) 

where  r  is  the  time  reference  of  the  combined  siqnals  In 
practice,  the  filtering  is  accomplished  in  the  freouency 
domain  We  utilized  a  Qaussian  shaped  filter  with  an  r'  roll¬ 
off  width  of  0  125  Ug,  the  outputs  so  processed  will  be  labeled 
as  6h^^  end  ih.i 

This  method  of  analysis  is  first  demonstrated  for  the  forced 
wake  behind  a  bullet-shaped  body  (see  Cannon,  1991)  because 
that  wake  is  dominated  by  the  m  •  mode  It  will  thus 
provide  a  figure-of-merit  to  assess  the  results  for  the  disk  end 
screen  wakes  Fig  10a  is  in  the  same  format  as  Fig  8b  and 
demonstrates  the  dominance  of  the  /n  -  >1  mode  over  that  of 
the  m  •  *  mode  for  the  case  of  forcing  at  Si,^  •  0  27  and  m  - 
•fl  For  this  case,  the  peak  amplitude  is  in  the  vicinity  of  • 
0  75  The  different  stages  in  construction  of  the  mode 
discriminants  are  shown  in  Fig.  10b  The  bottom  three  rasters 
are  the  de-meened  and  vartance-normalized  velocity  signals 
from  three  hot-wire  probes  that  are  located  at  azimuthal 
positions  0  •  0,  ff/2,  ff  The  scale  of  the  ordinate  is  m  terms  of 
standard  deviations  of  the  HAi,  u)  signals  and  the  dashed 
lines  correspond  to  the  position  of  the  mean  values  The 
velocity  signals  are  filtered  and  combined,  per  Eq  (4),  to 
obtain  the  mode  discriminants  rastered  on  lines  U  (m  •  <t-1) 
and  five  (m  ■  -1)  The  discriminants  are  then  hed  and 

doubled  in  amplitude  to  obtain  rasters  six  (m  «  4  nd  seven 

(m  •  -1)  and  then  smoothed  and  differenced  to  obtain  the  top 
raster  The  dashed  line  in  the  top  raster  represents  a  zero 
difference  in  the  amplitude  of  the  two  discriminants  For  those 
time  periods  when  the  dashed  line  and  the  solid  raster  line  are 
cniinear,  the  two  modes  contribute  equally  to  the  spectral 
structure  (at  St,^  -  027)  When  the  raster  lies  above  the  dashed 
line,  mode  4l  is  dominant,  below  it,  mode  -1  is  dominant 
Instead  of  taking  the  difference  between  the  rectified  signals, 
their  ratio  is  taken  and  plotted  to  iourithmic  scale  as  the 
second  raster  from  the  bottom  of  Fig  ICc  (»f  -  047)  The  other 
rasters  in  Fig  10c  represent  the  result  of  the  processing 
sequence  illustrated  in  Fig  10b,  but  for  the  other  radial 
locations  at  this  axial  station.  For  these  rasters,  the  dashed  line 
represents  the  point  at  which  the  ratio  of  the  two  discriminants 
If  1,  and  each  tic  on  the  ordinate  axis  represents  a  factor  of 
ten  increase  in  the  magnitude  of  that  ratio  A  change  in  the 
positive  direction  from  the  dashed  line  corresponds  to  the  m  - 
-fl  discriminant  being  larger  Note  that  the  different  rasters  do 
not  share  the  same  reference  time  and  so  time-based 
comparisons  between  the  rasters  are  not  appropriate 
Comparison  of  Figs  10a  and  10c  reveals  that,  even  though  the 
m  •  -fl  amplitude  (at  St^  •  027)  dominates  the  m  • 
amplitude  by  almost  two  orders  of  magnitude  m  the  spectra, 
that  dominance  occurs  only  on  average  for  the  mode 
discriminants  In  fact,  there  are  periods  when  the  m  •  -1 
discriminant  is  an  order  of  magnitude  larger  than  the  m  • 
discriminant  For  this  particular  case,  it  appears  that  the  cross¬ 
over  from  m  •  dominance  to  m  -  -1  dominance  occurs,  on 
the  average,  once  every  30  filter  (and,  in  this  case,  forcing) 
periods  for  up  to  7  periods  in  duration 

Figure  11  compares  the  ratio  of  mode  discriminants  for  the 
disk  and  a  -  0  49  screen  wakes  The  discriminants  are  rastered 
as  a  function  of  time  (normalized  by  the  center  frequency  of 
the  band-pass  filter)  m  the  same  manner  as  that  for  the  forced 
wake  of  Fig  10c  Identifiable  features  in  the  plots  for  the  two 
wakes  appear  to  be  the  same.  For  both  wakes,  the  period  of 
lime  for  which  tne  m  «  +1  discriminant  is  larger  than  the  m  • 
-1  discriminant  is  about  the  same  as  for  the  converse  situation, 
and  the  maximum  excursions  frem  the  dashed  line  (where  the 
discriminants  are  of  equal  amplitude)  are  about  the  same  in 
both  directions  and  comparable  in  amplitude  to  that  of  the 
forced  wake  Cross-over  from  m  -  +1  dominance  to  m  •  -1 


(a)  Disk  Wake  (b)  a  «  0  49  Screen 

{iOg  Sto  -  0  036)  (Wf  Stg  -  0  052) 

Fig  11  Comparison  of  mode  discriminants  for  disk  and 
a  •  0  49  screen  {x/$  •  1 05) 

dominance  occurs  approximately  twice  every  30  filter  periods 
There  are  extended  time  periods  for  which  the  ratio  of  the 
discriminants  is  1  (by  comparison  with  the  maximum 
excursicms),  but  periods  of  nearly  equal  length  are  also 
evident  for  the  forced  wake 

The  hypothesis  that  coherent  vortex  shedding  occurs  as 
unwinding  double  helices  (Pao  and  Kao.  1977)  would  get  soma 
support  from  a  result  that  the  two  discriminants  remain  in  a 
slate  of  parity,  but  this  was  r>ot  found  to  be  the  case  for  either 
the  shedding  or  non^shedding  wakes  Even  so,  the  time  traces  in 
Fig  11  suggest  that  shedding  occurs  as  double  helices  during 
some  of  the  time  periods  During  other  periods,  one  of  the 
modes  will  clearly  dominate  the  other  Since  the  principal 
results  of  the  mode  discrimination  analysis  are  the  seme  for 
the  shedding  and  non-  shedding  wakes,  there  is  no  evidence  to 
suggest  that  the  strength  of  the  coherent  vortex  shedding 
affects  the  natural  interaction  that  occurs  between  the  two 
modes  It  is  interesting  to  note  that  even  for  the  case  of  a 
wake  forced  in  one  azimuthal  direction,  the  other  mode  will 
occasionally  dominate 

CONCLUSIONS 

At  least  two  velocity  scales  are  required  to  collapse  the 
mean  and  turbulent  velocity  fields  for  the  wakes  studied, 
which  indicates  that  incomplete  similarity  exists  It  has  been 
shown  that  the  balance  is  l^tween  the  convective  acceleration 
and  the  Reynolds  stress  terms  in  the  momentum  equation  Flow 
visueiizat'on  results  indicate  that  the  presence  of  large-scale 
Mructures  coincides  with  the  presence  of  a  recirculation 
bubble  in  the  near  wake,  both  of  which  ere  dependent  on 
body  bluffness  The  axiel  extent  of  the  recirculation  bubble 
eppears  to  oscillate  in  time  Two-qimensional  Fourier  analysis 
indicates  that  coherent  structures  of  modes  m  -  +1  and  m  -  -1 
exist  in  both  the  shedding  disk  wake  end  the  non-sheddmg 
screen  wake  Analysis  of  the  parity  between  the  -fl  and  -1 
modes  suggests  that  there  are  periods  when  one  mode  will 
clearly  dominate  the  other,  end  other  periods  when  the  two 
modes  will  both  be  present  in  equal  strength  Temporal 
variation  in  the  parity  between  the  two  modes  does  not  appear 
to  depend  on  the  strength  of  the  coherent  structures  that  are 
present 
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ABSTRACT 

Lagrangian  methods  are  used  to  examine  the 
distribution  of  particles  in  a  two-dimensional  turbulent 
horizontal  flow,  The  concentration  field  is  viewed  as  resulting 
from  a  distribution  of  line  sources  of  particles.  The  influence 
of  gravity  on  the  behavior  of  the  particles  from  one  of  these 
sources  is  assumed,  on  average,  to  act  mdependentiy  from  the 
turbulence  Two  cases  are  considered  gas-Iiqutd  annular  flow 
m  a  two-dimensional  channel  and  sediment  transport 

INTRODUCTION 

A  Lagrangian  method  for  analyzmg  particle  distribution 
in  honzontal  turbulent  flows  is  explored.  The  central  idea  is 
to  descnbe  the  concentration  field  as  resultmg  from  a 
distribution  of  small  sources  of  particles 

This  method  had  been  used  previously  at  the  Umversity 
of  Illmois  to  descnbe  the  fully  developed  temperature  field 
tliat  exists  when  a  turbulent  fluid  is  flowing  between  a  hot  and 
a  cold  plane  (Hanratty,  1956;  Eckelman  4  Hanratty,  1972) 
The  flow  was  assumed  to  be  homogeneous;  the  hot  plane  was 
represented  as  a  senes  of  heat  sources,  the  cold  plane  was 
represented  as  a  senes  of  lieal  sinks.  The  contnbutions  of 
these  sources  and  suiks  were  summed  to  give  the  temperature 
field.  In  the  context  of  this  analysis  the  spatial  variation  of  the 
Eulenan  turbulent  diffusion  coefficient  is  interpreted  as 
resul'ing  from  the  time-dependency  of  point  source  turbulent 
diffusion  (Taylor,  1921)  Hot  or  cold  panicles  close  to  a  wall 
have,  on  average,  have  been  in  the  field  for  shorter  times  than 
hot  or  cold  panicles  in  the  center  Because  of  the  tune- 
dependency  of  pomt  source  diffusion  the  effective  turbulent 
diffiisivity  is  smaller  close  to  a  wall.  Conversely,  temperature 
gradients  in  the  center  of  the  channel  are  characterized  by  the 
long  tune  turbulent  diffiisivity  defined  by  Taylor 

Binder  and  Hanratty  (1991)  used  these  ideas  to  describe 
droplet  distnbution  and  deposition  m  a  vertical  gas  hquid 
annular  flow  This  paper  describes  recent  work  by  Binder 
(1991)  which  considers  honzonud  turbulent  flows  where  the 
effects  of  gravity  can  cause  a  stratification  of  the  particles. 

POINT  SOURCE  DIFFUSION 

The  spread  of  particles  from  a  point  source  in  a 
homogeneous  field  can  be  represented  by  the  change  of  the 
mean-square  of  the  x-component  of  the  displacement,  TP  (r) 
For  molecular  diffusion, 

D  -  i  ll!  (*) 

2  dr  ' 


where  D  is  the  molecular  diffusion  coefficient  ^ipeanng  m  the 
mass  balance  equation, 

££!-£>  C  (2) 

df 

For  point  source  diffusion  of  a  fluid  particle  in  a 
homogeneous  isotropic  mrbulence  Taylor  (1921)  showed  that 

E  -  i  ^  ^  R^{i)  dt  (3) 

2  df  ^ 


Here  ^is  the  mean-square  of  the  x*component  of  the  turbulent 
velocity  fluctuations  and  Rtlt)  is  the  Lagrangian  correlation 
coeflicient.  A  Lagrangian  tune  scale  and  length  scale  can  be 
defined  as 


-  £■  (r)  dt 

(4) 

a  -  p) 

(5) 

It  is  noted  from  that  the  turbulent  diffusion  coefficient  is 
time-dependent  At  small  times  it  varies  linearly  with  tune, 


and  at  large  tunes  it  is  constant, 
e  - 

It  has  been  shown  that  the  distribution  function 
desenbing  the  spread  of  fluid  particles  from  a  line  source  is 
Oaussian  The  distribution  can,  therefore,  be  given  as  a 
solution  of  the  following  equauon 

^  .  i  ^  V”  C  *  c  5(y  /  yO  8(t  /  r ■)  W 

^  2  dt 

for  a  source  located  at  y',  t'  The  source  strength  Q  has  the 
L  :s  of  per  unit  area  and  the  delta  functions,  effectively,, 
have  the  units  of  reciprocal  length  and  recqxrocal  tune 

This  theory  can  be  applied  to  solid  or  liquid  spheres  if 
the  ability  of  the  particle  to  respond  to  turbulent  velocity 
fluctr  .lions  is  taken  into  account.  The  reciprocal  time 
constant  of  the  particle  kS  defined  for  a  Stokes  drag  as 

p  - 1  /  T  -  (9) 

P,  <lr 
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wheic  d,  is  the  particle  diameter. 


The  dinicp' .onJess  group  is  the  ratio  of  the 
Lagrangian  time  scale  of  the  fluid  to  the  particle  tune  scale 
For  large  (small  particles)  the  particles  follow  the  fluid 
motion  closely  The  dimensionless  group  T*  =  is  a 

measure  of  the  ratio  of  the  stopping  distance  of  a  panicle  to 
the  thickness  of  the  viscous  wall  region  For  x*  >  20  tlic 
particles  travel  by  ♦«€  flight  from  y*  =  30  to  die  wall  so  iheu 
deposition  is  not  influenced  by  non-homogeneities  in  the 
turbulent  field  close  to  the  wall 

Measurements  by  Lee  et  al  (1989)  show  that 


0.7  . 


(10) 


For  small  terminal  velocities  (V^  (v*  <  1),  a  decrease  of  Ptu- 
causes  a  decrease  in  and  an  increase  m  the 

Lagrangian  length  scale,  tfp  However,  the  particle  diffusivity, 
£p,  remains  the  same  as  the  fluid  diffusivity,  Cp  For  /  v* 
>  1  the  particles  fall  through  the  turbulence  so  rapidly  that  4 
<ep 

INFLUENCE  OF  GRAVITY  ON  THE  BEHAVIOR  OF 
WALL  SOURCES 

Two  systems  ha‘'e  been  considered  to  show  the  effect 
of  gravity  on  turbulent  dispersion:  gasdiquid  annular  flow  in 
a  two<dimensional  channel  and  sedunent  transport 

In  annular  flow,  liquid  moves  as  a  layer  along  the 
bottom  wall  at  y  =  0,  and  is  atomized  at  a  rate  per  unit  area  of 
Ra  a  differential  length  of  this  layer  in  the  flow  direction  can 
be  considered  as  a  line  source  of  drops  These  drops  diffuse 
away  from  the  wall  and  eventually  leave  the  field  by 
depositing  on  the  bottom  wall  or  on  the  top  wall,  located  at 
y  =  H  The  fraction  of  these  droplets  depositmg  on  the  top 
wall  IS  Fgr  and  the  fraction  depositing  on  the  bottom  wall  1$ 
Fg,  =  1  -  F,t.  The  liquid  depositing  on  the  top  wall  eventually 
builds  up  as  a  layer,  which  also  provide^  sources  of  droplets 
Because  of  the  effects  01  gravity  the  droplets  tend  to  stratify 
so  that  the  concentration  is  larger  at  the  bottom  and  F^b  F^j. 
Under  fUlyKleveloped  conditions  the  rates  of  atomization  from 
the  bottom,  R^,  and  top,  R^^t.  walls  are  equal  to  the  rates  of 
deposition,  R^b  and  R^i  and  R^^  /  where  F^, 

is  the  fraction  of  particles  from  a  source  on  the  top  wall  that 
deposits  on  the  bottom  wall. 

The  problem  m  sediment  transport  considered  m  this 
paper  is  one  ui  which  all  of  the  particles  flowing  m  the  liquid 
originate  by  entrainment  from  a  layer  of  sediment  on  the 
bottom  wall  (The  analysis  is  easily  extended  to  take  account 
of  particles  in  the  entering  liquid  by  puttmg  line  sources  in  the 
body  of  the  liquid.)  This  bottom  wall  may  be  considered  as  a 
senes  of  line  sources  of  strength  R^dx  A  fraction  of  the 
sediment  coming  from  one  of  these  line  sources  can  redeposit 
on  rh*»  hotrom  wall.  Fgg.  and  a  fraction  will  rrach  tlK  *op 
of  the  liquid,  which  may  be  a  free  surface  or  a  channel  wall. 
The  solid  sediment  particles,  unlike  the  drops  in  annular  flow, 


do  not  lose  their  identity  on  hitting  the  top  boundary  We 
picture  them  as  rollmg  along  the  uiterface  and  beuig 
reentrained  (almost  immediately)  by  gravity  and  turbulence. 

In  both  annular  flow  and  sediment  transpoit  x*  is 
usually  greater  than  20.  Therefore,  the  analysis  of  a  wall 
source  is  sunplified  by  assuming  plug  flow  and  a 
homogeneous  turbulent  Field  Consequently,  the  diffusion  time 
can  be  related  to  distance  m  the  flow  direction  by  the  equation 
dt  =  dx  /  U,  where  U  is  velocity  of  the  fluid 


The  equation  desenbing  the  concentration  field 
resulting  from  a  point  source  is 


^  .  V  -  t-)  ^  -  E.  ((  -  O 
dt  ay 

*  Q  diy  ly')  5(r  / 1') 


(11) 


From  considerations  of  conservation  of  mass  and  of  the  free- 
flight  mechanism  for  impaction  on  the  wall  the  followuig 
equation  is  derived  for  the  boundary  conditions  for  a  single 
source 


f{t  -n 


-  ±  e,  (f 


(12) 


Term  V  (t  •  t'>  «  the  average  detenmmstic  velocity 
caused  by  the  gravitational  field  It  is  defined  by  the  equation 

Pf  1  ^  (13) 


where  nv  is  the  particle  mass  and  is  the  drag  coefficient 
The  particles  entrained  from  a  liquid  film  (on  the  top  or 
bottom  wall)  or  from  the  sedunent  bed  (on  ihe  bottom  wall) 
arc  pictured  to  enter  the  field  at  a  velocity  proportional  to  the 
turbulence  velocity.  Because  of  the  limited  mformation  about 
how  the  particles  enter  the  field  the  proportionality  constant  is 
taken  as  unity  For  a  panicle  source  on  the  hoitom  the 
boundary  condition  is  that  al  l  =  t'  velocity  For 

a  source  of  drops  on  the  top  wall  V^  -  -  at  t 

Sedunent  panicles  that  entered  the  field  at  1  =  t'  and  sirUte  tlie 
top  boundary  at  t  =  t,  are  considered  to  form  i  source  on  the 
top  wall  for  which  the  boundary  condition  for  (13)  i>  that 

-  -  (vj)^  +  V  (f^  -  t')  Equation  (13)  gives  vekxHics 

less  than  the  free-fall  velocity.  V^  Only  panicles  that  have 
been  in  the  field  a  long  tune  will  reach  free  fall 

RESULTS 

Calculated  results  for  annular  flow  and  for  sediment 
transpon  are  found  to  b^  dependent  on  two  dimensionless 
groups.  Term  represents  the  meitia  of  the  particle  and 


-jp  -  -  2  Pt  -  gm. 


1  - 
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may  be  thought  of  ns  a  measure  of  the  particle  size  The 
Froude  number,  v*VgH,  ts  a  measure  of  gravitational  effects 
The  product  of  these  two  groups,  Fi^^p,  varies  mvcrsely  as 
the  ratio  of  the  terminal  velocity  to  the  friction  velocity  For 
example,  for  Stokesian  drag 

-  0046  V/V^  (M) 

For  gas-liquid  annular  flows  the  Sauter  -  mean  diameter 
IS  such  that  0  01  <  <  0  1  and  /  v*  <  1  Consequently, 

«  \t/2  I  U/2 

I  =  0.13  -  0.35,  T,  /  =  8  -  71  and  £,ei> 

For  suunent  transport  m  a  liquid,  is  much  larger  so  that 

(^'“,TL,andE,  are  approximately  the  same  as  the  values  for 

the  fluid 

Figure  lb  gives  the  behavior  of  a  source  on  the  bottom 
wall  for  Ptu,  =  1.0,  Fr  =  10  and  Pt^pr  =  10,  a  case  for  which 
turbulent  diffusion  is  dominating  over  gravitational  settling 
At  x/H  =  0  and  at  small  x/H  the  maximum  occurs  at  the  wall 
because  f  s  0  At  larger  x/H  deposition  occurs  at  the  bottom 
wall  so  the  maximum  moves  away  from  the  wall  in  order  to 
satisfy  (12)  at  the  wall  Figure  la  gives  the  behavior  of  a 
source  on  the  wail  for  a  case  m  which  both  turbulence  \nd 
gravitational  settlmg  are  affecting  dispenion  of  the  particles 
Fr  =  10,  ptLp  =  0.01  and  =  0.1.  It  is  noted  that  the 
panicle  spread  is  greatlv  reduced 


Fig  1  Concentr^ion  profile  of  an  instantaneous  source  on  the 
bottom  waL'.  a)  Fr  =  10,  =  001,.  Rc  =  100,000, 

b)  Fr  =  10,  Pv  =  1  0,  Rc  =  100,000 


Figure  2  gives  calculated  ratios  of  the  fraction  of 
particles  that  reach  the  top  wall,  F^t.  to  the  fraction  of  particles 
from  a  source  on  the  top  wall  that  deposit  on  the  bottom  wall. 
The  values  of  P\p  correspond  to  annular  flows  but  the  curves 
do  not  change  much  for  larger  ptu,  The  results  for  =  1 
correspond  roughly  to  sediment  transpon  This  plot  can  be 
used  to  defmc  flow  regimes  For  Fr  pT^  <*048  negligible 
amount  of  particles  reach  the  top  wall  Both  gravity  and 
turbulence  are  affecting  the  distnbution  For  very  much 
smaller  values  of  Fr  Ptu,  (not  studied  m  this  research) 
turbulence  has  negligible  effect  and  the  concentration 
distribution  is  controlled  solely  by  the  particle  trajectories. 
This  would  correspond  to  the  saltation  regime  in  sediment 
transport  For  Fr  Pt^,  >  6  division  is  dominating  and  the 
particles  should  be  unifonnly  distributed 


Fig  2  Relative  rates  of  atomization  in  horizontal  annular 

flow,  Rat/Rai  versus  Frptu- 

Concentration  fields  at  different  locations  in  a  channel 
are  calculated  by  adding  the  contributions  from  a  number  of 
sources  Figure  3  gives  the  fully  developed  concentration 
Helds  for  sediment  transport  of  particles  of  a  single  sue.  (This 
calculation  can  easily  be  extended  to  mclude  a  distribution  of 
sizes )  The  values  of  Fr  pt^j,  for  which  these  calculations 
were  made  are  typical  of  laboratory  studies  of  sediment 
transport 

Calculations  have  also  been  made  of  the  dimensionless 
bulk  concentration  (or  sedunent  load),  given  by  C,v’/R^,  as  a 
function  of  ptjj,  and  Fr  Under  fully  developed  conditions 
Ra  =  Rd  and  the  dimensionless  bulk  concentration  equals 
(^  /  O'f,  where  k^,  is  a  deposition  constant  defined  as 
kp-Ro/Ci.  Such  calculations  for  gas-hquid  annular  flows 
reveal  that  kp  /v*  has  a  mmimum  at  a  certain  value  of  px^^  (or 
particle  size)  For  greater  pT^y  turbulent  diffusion  controls 
deposition,  for  lesser  pty  gravitational  settlmg  controls.  As 
a  consequence,  calculations  for  sources  of  a  range  of  drop 
sizes  reveal  not  only  a  stratifleation  where  larger  drops  are 
located  closer  to  the  bottoirt  but  al.so  a  ripenmg  for  which  the 
distribuUon  of  drop  sizes  m  the  fluid  is  different  from  the 
distnbution  at  the  source 
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Figure  3  Concentration  profiles  normalized  with  the  bulk 
concentration  for  sediment  transpott 


t/  ^  .  V,  -  e  tv)  ^ 
dx  By 


(16) 


The  condition  at  the  upper  boundary  is  given  by  (15)  and  the 
one  at  the  lower  boundary  is  fixed  empincally 

The  present  analysis  differs  from  these  approaches  in 
a  number  of  ways;  The  condition  at  the  lower  boundary  is 
defined  by  spccifymg  the  rate  of  entrainment  R^l*)  or  the 
strength  of  the  sources  The  deteimmistic  velocity  is  not  fixed 
at  the  terminal  value  The  time-dependency  of  turbulent 
diffusion  coefficient  is  used  rather  than  a  spatial  variation 
The  condition  at  the  upper  boundary  is  different  from  (15). 
The  dispersion  of  panicles  with  a  size  distribution  is  taken  uito 
account  m  such  a  way  that  the  relation  of  the  size  distnbution 
in  the  fluid  to  the  size  distribution  at  the  source  can  be 
calculated  The  influence  of  particle  menia  on  panicle 
turbulence  can  be  taken  into  account  are  m  rigorous  way. 


DISCUSSION 

Most  of  the  theoretical  work  on  the  stratification  of 
panicles  in  horizontal  flows  has  been  related  to  sediment 
transport  C'Bnen  (1933)  and  Rouse  (1937)  have  suggested 
that  the  concentration  distribution  is  given  by 

t.(y)  —  *  \.C  -  0  ,  (»S) 

dy 

where  is  tire  tenmnal  velocity  The  difficulty  with  this 
equation  is  that  it  predicts  an  infinite  concentration  at  y  s  0 
and  that  a  conccniration  at  some  location  near  the  bottom 
boundary  needs  to  be  specified  empirically. 


Figure  4  Ratio  of  effective  panicle  diffusivity  to  the  fluid 
value. 


The  application  of  (15)  to  the  central  portion  of  the 
concentration  profiles  shown  in  Fig.  3  gives  the  values  of 
Cr  /  Cp  in  Fig.  4.  It  is  found  that  e,  calculated  from  (15)  ore 
8  •  30  per  cent  too  high.  This  can  be  explained  in  the  context 
of  present  calculations  because  the  determistic  velocity  caused 
by  the  gravitational  field  is  not  represemed  very  well  by  Vt 
Attempts  to  generalize  (15)  so  as  to  consider  sediment 
concentration  profiles  that  arc  not  fully  developed  have 
involved  the  solution  of  the  Eulenan  equation 
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ABSTRACT 

The  paper  describes  the  experimental  Investigations 
into  the  transport-  and  dispersion  behaviour  of  particles 
in  turbulent  gas  flows  The  particles  are  introduced  as 
strands  into  a  quasi-point-like  lashion  on  the  axis  of  the 
inlet  flow  of  a  vertical  test-pipe  The  decay  and  fan-out  of 
the  particle  strands  within  the  turbulent  gaseous  flow  is 
investigated  together  with  the  dispersion  of  the  particles 
These  aspects  are  to  be  viewed  here  as  a  exemplary 
situation  involved  in  the  investigations  concerning  the 
interactions  between  disperse  phase  and  turbulent  fluid 
phase.  Attention  is  especially  focussed  on  the 
descnption  of  the  distribution  states  of  the  disperse 
phase,  i.e  the  spatial  distnbution  of  the  particles  as  well 
as  the  frequency  distnbutions  of  their  velocity. 

INTRODUCTION 

The  transport  and  dispersion  charactenstics  of 
particles  of  a  disperse  phase  in  fluids  is  of  relevance  in 
a  variety  of  technical,  natural  and  ecological  sectors 
This  presentation  describes  this  behaviour  under 
defined  model  conditions  m  a  turbulent  pipe  flow  An 
important  factor  is  the  manner  in  which  the  particles  are 
introduced  into  the  pipe  flow.  One  possibility  is  to 
introduce  them  in  a  quasi-point-like  region  as  a  compact 
strand  in  the  axis  of  the  inlet  pipe  se  jn  This  instance 
IS  not  only  suitable  for  companson  with  certain  model 
calculations,  but  is  also  of  practical  interest 

It  IS  demonstrated  how  the  highly-concentrated 
particle  strands  decay  within  the  turbulent  pipe  flow  and 
how  the  particles  are  distributed  across  thee 
downstream  pipe  regions.  One  of  the  main  aspects  of 
the  investigations  Is  the  charactenzatlon  of  the  three- 
dimensional  distribution  states  of  the  particles  of  the 
disperse  phase. 

The  applied  measuring  techniques  mainly  Involve 
short-exposure  photography  and  double-pulse  holo¬ 
graphy  The  latter,  being  a  whole  field  method, 
fundamentally  differs  from  tempora  .y-averaging 
measuring  techniques  (such  as  phase-Doppler- 
technique)  In  'hat  the  instantaneous  distnbution  state  of 
the  particle  collectives  may  be  exactly  determined  in 
addition  to  their  size  and  velocity 


MEASURING  TECHNIQUES  AND  APPARATUS 

The  presented  investigations  were  based  on  the 
following  test  parameters.  The  flow  channel  consists  of 
a  vertical  pipe  of  up  to  3  m  In  length,  with  a  diameter  of 
50  mm  The  average  velocities  of  the  downwards- 
flowing  gas  at  the  pipe  axis  were  5,  10,  and  20  m/s 
(which  correspond  to  Reynolds  numbers  of  16  000,  33 
000,  and  66  000)  The  disperse  phase  consisted  of 
three  narrow  glass  sphere  fractions  with  particle  sizes  of 
20-25  pm,  40-50  pm  and  90-100  pm  To  avoid 
agglomeration,  the  particles  were  purified,  dried  and 
carefully  sieved.  The  fluid  phase  was  air. 

The  particles  were  introduced  in  a  quasi  point-like 
ijshion  into  the  inlet  section  of  the  flow,  25  mm  above 
the  inlet  funnel  using  a  dosing  apparatus  especially 
developed  for  the  investigations.  The  heart  of  this 
device  Is  a  small  tube  possessing  an  Internal  diameter 
of  1  to  6  mm.  A  longitudinal  ultrasonic  oscillation  at  a 
frequency  of  33.9  kHz  senres  to  avoid  both  the  formation 
of  particle  bridges  witnin  the  inlet,  and  also  guarantees 
a  constant  mass  flow  rate,  which  can  be  varied  from 
0  15  to  10,0  g/s  by  varying  the  internal  tube  diameter. 

The  spatial  distnbutions  and  the  flow  characteristics 
of  the  particles  as  they  issue  from  of  the  dosing 
apparatus  and  through  the  turbulent  pipe  stream  are 
registered  and  recorded  with  the  aid  of  short-exposure 
photography,  high  frequency  cinematography,  and 
pulse  holography  The  short-exposure  photographs  are 
taken  both  directly  at  the  particle  dosing  apparatus 
outlet  and  at  a  transport  distance  of  103  mm  In  tne  pipe 
through  glazed  windows.  High  frequency 
cinematography  Is  used  to  Investigate  the  flow  of  the 
particles  from  the  dosing  apparatus.  The  pulse 
holograpny  finally  serves  the  mam  body  of  the  investi¬ 
gations 

The  spa'Ial  distribution  of  the  particles  through  the 
complete  pipe  cross-section  at  transport  distances  of 
285  and  3000  mm  have  been  reproduced  by  means  of 
m-line  holograpny  (Schafer  et  al ,  1987).  From  these 
holograms,  sub-sections  were  then  evaluated,  i.e  the 
location,  size,  and  velocity  of  all  particles  situated  within 
this  sub-section  at  the  instant  the  hologram  was  taken 
were  correlatively  measured.  From  this  data,  the  graphs 
Illustrated  in  Figs  2  up  to  6  have  been  calculated.  Being 


a  whole  field  technique,  pulse  holography  particularly 
yields  data  from  which  the  instantaneous  three- 
dimensional  d'spersity  state  of  the  collective  concerned 
IS  revealed,  and  hence  more  exactly  characterized  The 
characterization  does  not  only  employ  the  concentration 
profiles  but  also  the  frequency  distributions  of  the 
distances  between  the  particles  and  the  frequency 
distnbutlons  of  the  local  number  concentrations  This 
delivers  information  concerning  the  homogeneity  of  the 
three-dimensional  pa.nicle  distribution  state  (Neumann 
&  Umhauer,,  1989) 


Fig  1  Strands  of  particles  of  the  fraction  40-50  pm 
mass  flow,  0.97  g/s:  tube  diameter  (dosing 
apparatus)  2  mm 

velocity  of  the  pipe  flow  (fluid  phase).  10  m/s 

a)  directly  after  leaving  the  dosing  unit 

b)  after  a  transport  distance  of  1 1 6  mm 


RESULTS 

Here  only  the  results  are  presented  which  concern 
the  particles  within  the  40-50  pm  size  range  and  . 
velocities  of  10  and  20  m/s 

Fig.  la  illustrates  the  still  coherent  particle  strand 
upon  leaving  the  dosing  unit  through  a  2  mm  tube.  The 
velocity  of  the  fluid  phase  was,  in  this  instance,  10  m/s 
The  particle  strand  is  still  closely  packed,  although  In 
the  lower  regions,  necking  can  already  be  observed 
Here,  tne  strand  is  accelerated  and  torn  apart  by  the  air 
stream,  so  that  after  flowing  1 16  mm  through  the  pipe, 
the  particles  are  already  carried  as  disintegrating 
clusters  (Fig.  1b),  from  which  particle  trails  issue.  Fig  lb 
was  taken  from  a  glazed  14  mm  wide  slot  in  the  pipe. 
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Fig  2;  Particle  distribution  across  a  pipe  section 
Projection  of  the  particles  situated  within  a  thin  layer 
across  the  flow  direction  viewed  along  the  flow 
direction;  mean  flow  velocity.  20  m/s;  disperse  phase 
glass  spheres  40.  50  pm 

In  contrast,  Fig  2  illustrates  situations  which 
onginate  from  the  evaluated  data  of  two  double-pulse 
holograms.  All  particles  in  a  thin  layer  (0.35  and  0  7  mm 
thick  respectively)  across  the  pipe  at  transport  distances 
of  280  and  3000  mm  have  been  evaluated.  From  this 
data,  the  spatial  particle  distributions  across  the  pipe 
cross-section  which  existed  at  the  instant  of  the 
hologram  exposure,  are  plotted.  After  the  short  transport 
distance  of  285  mm.  one  can  still  observe  a  disinte¬ 
grating  cluster  From  a  high  central  concentration,  three 
particle  trails  drift  outwards  in  the  direction  of  the  pipe 
wall.  Alter  being  carried  3000  mm,  the  particles  appear^ 
to  be  more  ore  less  uniformly  distributed  across  the  pipe 
(with  locai  fiuctuaiions  which  are  to  be  expected  for 
turbulent  flows).  The  results  of  the  evaluation  of  other 
holograms  shows  a  similar  behaviour 

In  addition  to  the  representation  m  Fig.  2,  which 
ailows  a  qualitative  assessment,  Fig.  3  offers  a 


Fig  3  >  Normalized  cumulative  frequency 
distributions  of  the  distances  between  nearest 
neighbouring  particles  (Neumann  &  Umhauer,  1989, 
1991).  The  curves  plolted  represent  the  spatial 
arrangement  of  the  particles  after  the  two  transport 
distances  and  the  random  grouping. 

quantitative  descnption  of  the  spatial  arrangement  of  the 
particles.  The  graph  demonstrates  the  cumulative 
distributions  of  the  particie  spacing,  i  e  the  distance 
between  any  single  particle  of  a  collective  and  its 
nearest  neighbour.  The  abscissa  is  normalized  with 
respect  to  a  specific  average  distance,  in  order  to  gam  a 
particle  concentration  Independence  (Neumann  & 
Umhauer,  1989,  1991)  The  data  refer  to  a  particle 
collective  of  the  same  hologram  as  In  the  previous 
illustration,  but  here  all  particles  inside  a  cubical  volume 
have  been  evaluated.  The  dotted  curve  represents  the 
distribution  state  at  the  shortest  transport  distance  of 
285  mm,  and  the  full  line  that  of  3000  mm.  The  curve 
formed  by  the  crosses,  is  that  which  would  exist  for  a 
mathematically  randomly  distributed,  infinitely  large 
particle  collective,  void  of  mutual  interactions  (Raasch  & 
Umhauer,,  1989).  This  curve  can  be  used  as  a  measure 
for  comparison.  Inhomogenities  in  the  particle  grouping 
which  are  larger  than  those  of  the  random  structure, 
lead  to  a  shift  in  the  cumulative  distribution  curve 
towards  smaller  particle  spacings.  This  is  verified  by  the 
median  values  of  the  three  curves,  which  are  (s/s^)5g  = 
0  52,  0.56,  and  0.58  lor  the  respective  shortest,  and 
longest  transport  distances,  and  the  random  distribution 

The  frequency  distribution  of  the  distances  between 
the  nearest  neighbouring  particles  Is  a  microscopic 
measure  of  the  spatial  particle  grouping  The  term 
microscopic  is  applied  because  here  only  the  distances 
between  closely  neighbouring  particles  are  considered, 
whilst  the  global  spatial  distributions  across  the  whole 
cross-section  remains  unregarded  Contrary  to  this  the 
profiles  illustrated  in  Fig.  5  may  be  regarded  as  a 
macroscopic  description  of  the  spatial  distributions. 
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number  of  particles  AN  within  AV 

Fig  4  Concentration  frequency  distnbution  H  (AN) 
of  the  number  of  particles  within  AV 


A  further  possibility  of  quantitatively  characteriiing 
the  spatial  particle  distribution  is  illustrated  in  Fig.  4 
This  IS  the  frequency  distribution  of  the  local  particle 
number  concentrations,  which  Is  derived  In  the  following 
manner.  The  total  evaluated  sample  volume  V,,  which 
contains  N  particles  is  sub-divided  Into  k  sub-volumes  of 
equal  size  AV  For  the  case  in  question  here,  i.e.  where 
k  a  N,  each  sub-volume  AV  contains,  on  average,  just 
one  single  particle  (expectation  Eat).  Due  to  the 
random  distribution  of  the  particles  caused  by  the  flow 
turbulence,  however,  the  individual  sub-volumes  will,  in 
reality,  contain  no,  one,  two  or  more  particles.  The 
compilation  of  the  concentration  frequency  distributions 
rests  on  the  determination  of  the  frequency  of  each  such 
case  I.e.  the  number  of  sub-volumes  which  contain  no, 
one,  two,  three  etc  particles  are  determined  and  plotted 
for  each  criterion.  Such  a  distribution  Is  discrete.  As  a 
variation  of  this  method  a  number  of  sub-volumes  can 
be  combined,  so  that  an  expectation  E  >  1  emerges 
The  concentration  frequency  distribution  of  a  collective 
of  statistically  random-distributed  particles  Is  inevitably  a 
Poisson  distnbution 

Fig  4  Illustrates  the  concentration  frequency 
distribution  plotted  for  a  collective  of  particles  distributed 
at  random  (Poisson  distribution)  and  for  the  particle 
collectives  evaluated  at  transport  distances  of  285  mm 
and  3000  mm.  The  distnbutlons  may  be  observed  to 
differ  significantly  Whilst  the  concentration  frequency 
distribution  of  the  particles  at  the  larger  transport 
distance  reveals  an  almost  completely  random 
distribution,  that  of  the  shorter  distance  is  quite  definitely 
not  the  case. 

Figs  5  end  6  yield  information  concerning  the 
particle  kinetics.  These  are  based  on  the  particle 
velocity  components  in  the  main  flow  direction  v^. 


0  5  to  15  20  25 

pipe  radius  r  I.  mm 

Fig  5  radial  profile  of  the  particle  velocity  V2  in  mam 
stream  direction  and  the  number  concentration  cm  after 

a)  285  mm  and 

b)  3000  mm  transport  length  in  the  pipe 


The  profiles  of  the  particle  velocity  Vj  and  the 
number  concentration  c^  have  been  plotted  as  function 
of  the  pipe  radius  r  in  Fig.  5.  For  this  purpose,  the  thin 
layer  of  evaluated  particles  depicted  in  Fig  2  have  been 
sub-divided  into  a  number  of  equi-areal  rings.  The 
mean  velocity  and  number  concentration  of  the  particles 
contained  within  the  ind'vidual  rings  were  calculated. 

At  the  shc1  transport  distance  of  285  mm  in  the  pipe, 
the  inlet  flow  conditions  are  still  predominant  The 
velocity  at  the  pipe  axis  Is  still  a  little  lower,  than  at  the 
wall  regions,  due  to  the  axially-introduced  particle 
strands,  since  the  high  concentration  of  particles  indeed 
noticeable  retards  the  flow.  After  a  transport  distance  of 
3000  mm  the  profile  of  the  particle  velocities  Is  similar  to 
that  of  the  fluid  velocities  with  the  exemption  of  the  wall 
region. 

Fig.  6  finally  demonstrates  the  frequency 
distributions  of  the  particle  velocities  at  the  two 
investigated  transport  distances  In  the  form  of  a 
standardized  number  density  distribution  and  a 
cumulative  number  distribution.  As  Fig.  5  already 
suggests,  the  distribution  at  the  short  transport  distance 
is  considerably  narrower.  Moreover,  the  mean  value  for 
this  distance  Is  somewhat  lower  in  comparison  to  the 
mean  value  for  the  larger  distance  (see  the  means  and 
standard  deviations  specified  in  the  diagrams. 
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CONCLUSIONS 

This  paper  concerns  the  descnption  of  the  decay 
and  dispersion  of  a  particle  strand,  transported  within  a 
turbulent  gaseous  pipe  flow  by  means  of  experimentally 
obtained  data.  Special  emphasis  was  laid  on  the 
charactenzation  of  the  spatial  grouping  of  the  particles 
of  the  disperse  phase 

The  approach  of  a  completely  random  spatial 
distribution  of  the  particles  in  the  flow  with  increasing 
flow  distance  has  been  quantitatively  characterized  in 
two  different  ways  by  specifying  the  frequency 
distributions  of  the  particle  spacing,  and  the 
specification  of  the  frequency  distnbutions  of  the  local 
(relative)  number  concentrations.  After  60  pipe 
diameters  of  transport  distance  (at  a  velocity  of  20  m/s 
and  for  particles  of  40  -50  pm  diameter)  an  almost 
completely  random  spatially  particle  distnbution  was 
established  After  this  transport  length  the  frequency 
distribuiions  of  ihe  particle  velocities  have  probably 
reached  their  final  shape 

The  further  results  could  not  be  presented  due  to  the 
confinements  imposed  on  the  length  of  this  contribution. 
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ABSTRACT 

The  interaction  between  small  solid  particles  <  1),  at  a 
volumetric  loading  ratio  <&  =  5  x  10"^,  and  a  decaying  homo¬ 
geneous  turbulence  is  studied  using  direct  numerical  simula¬ 
tion  The  results  show  that  the  particles  increase  the  fluid 
turbulence  energy  at  high  wave  numbers.  Thin  increase  acts 
as  a  barrier  to  the  nonlinear  energy  transfer  from  the  low 
wave  number  range  Associated  with  the  energy  increase  at 
higher  wave  numbers,  there  is  a  larger  increase  in  the  dissipa¬ 
tion  rate  of  energy  The  net  result  is  a  reduction  in  all  the 
turbulence  length  scales,  hence  lower  turbulent  diffusivity  of 
the  carrier  fluid  turbulence  Gravity  results  in  a  significant 
turbulence  anisotropy  and  an  increase  in  the  diffusivity  of  the 
particles  and  fluid  in  the  gravity  direction  The  correlation 
^  -  u,)/Tp  >  can  be  posxtivt  or  ntgattve  and 

thus  acts  as  a  source  or  sink  of  fluid  turbulence  energy 

1.  INTRODUCTION 

It  has  been  known  for  more  than  three  decades  that  the  addi¬ 
tion  of  a  small  volumetric  concentration  (<  10“^)  of  particles 
{solid  or  liquid)  to  a  turbulent  flow  modifies  the  structure 
of  turbulence  This  modification  produces  transport  rates 
of  momentum  and  mass  (i  e  turbulent  mixing  rates)  that 
are  different  from  those  in  flows  without  particles  Avail¬ 
able  experimental  data  show  that  the  addition  of  particles 
may  increase  or  decrease  the  turbulence  kinetic  energy  of  the 
carrier  fluid  However,  there  is  a  lack  of  understanding  of 
the  mechanisms  responsible  for  mcreasmf?  or  decreasing  the 
turbulence  energy  Most  of  the  current  understanding  of  tur¬ 
bulence  modulation  in  particle-laden  flows  is  bas<*d  on  the  few 
available  experimental  observations  which  are  valid  only  for 
the  conditions  of  the  corresponding  experiment  and  cannot 
be  generalized 

When  fine  droplets  or  solid  particles  (  diameter  d  <  250/i)  are 
injected  into  a  free  'rbulent  jet  the  turbulence  intensity  is 
reduced,  thus  lowering  the  spreading  rate  of  half  width  of  the 
jet  (  Hetsroni  and  Sokolov  [8],  Popper  et  al  (11),  Modarress  et 
al  [10] ,  Fleckhaus  et  al  [3],  Tsuji  et  al  [13] ).  However,  there 
are  other  experiments  (eg  Levy  and  Lotkwood  [9])  which 
show  that  the  addition  of  large  particles  (  d  >  500/i)  increases 
the  turbulence  intensity  in  a  free  jet  whereas  smaPer  parti¬ 
cles  (d  <  250/i)  suppress  turbulence  in  the  jet.  Recently, 
Ilardalupas  el  al  [6]  measured  the  velocities  of  the  particles 
and  fluid  in  turbulent  particle-lewlen  jets  They  showed  that 
the  rate  of  spread  of  the  half  width  of  the  jet  increased  with 
increasing  the  loading  of  8C/i  glass  beads,  whereas  it  decreased 
with  .ncreasing  the  loading  of  40/i  beads  Hetsroni  [7]  sug¬ 
gested  that  particles  with  low  Reynolds  number  ,  Hj,  ,  cause 
turbulence  suppres^non,  while  particles  with  higher  Reynolds 


number  cause  cnhaniement  of  turbulence  due  to  wake  shed 
ding  However,  as  will  be  shown  later,  the  present  study 
indicates  that  particles  with  low  Reynolds  number  <  1  , 
can  also  increase  the  turbulence  energy 

Gore  and  Crowe  [5]  reviewed  the  available  experimental  data 
on  turbulence  .lodulation  in  particle-laden  flews  and  pro¬ 
posed  that  the  critical  parameter  that  predicts  whether  the 
turbulence  will  be  augmented  or  suppressed  with  the  addi¬ 
tion  of  particles  is  d/(  where  d  is  the  particle  diameter  and 
i  is  the  Eulerian  integral  length  scale*  of  turbulence  They 
concluded  that  the  critical  value  is  d/f  0  1,  above  which 
turbulence  intensity  is  increased  and  below  which  it  is  sup¬ 
pressed  Obviously  this  proposal  is  too  simplistic  since  the 
particle  material  density  and  fluid  viscosity  ,  which  affect  the 
particle  response  time,  and  particle  load  ng  ratio  were  differ¬ 
ent  in  all  these  experiments  Furthermore,  our  present  re¬ 
sults  show  that  turbulence  intensity  increases  for  d/(  ss  10"^, 
contradicting  the  proposal  of  Gore  and  Crowe 

The  purpose  of  this  paper  is  to  examine  m  some  detail  the 
interaction  between  the  particles  and  turbulence  in  a  much 
simpler  flow  than  the  inhomogeneous  flows  reviewed  above 
In  particular,  the  papci  is  concerned  with  the  physics  of  the 
two-way  interaction  between  a  decaying  grid-turbulence  and 
a  large  number  of  solid  spherical  particles  dispersed  within 
Grid  turbulence  was  selected  for  the  study  because  of  its  spa¬ 
tial  homogeneity  and  the  independence  of  its  properties  on 
the  mean  flow  velocity  We  examine  the  effect  of  the  par¬ 
ticles  on  the  time  development  of  turbulence  energy  and  dis¬ 
sipation,  their  spatial  spectra,  and  the  effect  of  the  modified 
turbulence  on  the  dispersion  of  particles 

The  method  of  direct  numerical  simulation  is  used  to  solve 
the  three-dimensional,  tnne-dependent  Navier-Stokes  equa¬ 
tions  which  include  ail  the  forces  exerted  by  the  particles  on 
the  fluid  The  volume  fraction  of  the  particles  is  large 
enough  (4>  —  5  x  10"^)  to  modulate  the  turbulence,  but  small 
enough  such  at  there  is  no  collision  between  the  particles. 

Only  one  other  direct  numerical  simulation  study  (Squires 
and  Eaton  [12])  has  bt"n  reported  recently  concerning  the 
two-way  interaction  of  particles  with  homogeneous  turbu¬ 
lence  However,  that  study  considered  only  stationary 
turbulence  by  forcing  the  flow  at  the  low  wave  numbers 
Stationanty  of  turbulence  was  achieved  by  the  addition  of 
energy,  at  each  time  step,  at  a  late  equal  to  that  of  the  en¬ 
ergy  Cieaily,  the  tesulis  ubiaiiieu  fuiM  a  foued 

Simulation  are  questionable  when  the  goal  is  to  quantify  the 
changes  m  the  fluid  turbulence  energy  spectrum  caused  by 
the  particles  As  will  be  discussed  later  in  section  3,  the 
addition  of  particles  may  increase  or  decrease  the  turbulence 
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energy,  a  result  that  cannot  be  obtained  from  a  stationarv 
turoulence  simulation  Furthermore,  the  particle  motion 
equation  used  in  that  study  [12]  included  only  the  drag  force 
The  present  stu*!'  shows  that  neglecting  the  efTiuts  of  gra\  ity 
on  particle  motion  results  in  a  significantly  diffeieiU  beliavioi 
of  the  turbulence  m  the  carrier  fluid 

2.  MATHEMATICAL  DESCRIPTION 


The  exa't  tiiac-dependent,  three  dimensional  Navier-Stokes 
and  continuity  equations  are  solved  in  a  cubical  domain  with 
periodic  boundary  conditions  The  mean  flow  is  vertically 
upward  in  the  positive  J3  direction  The  two  other  coordi¬ 
nates  2i  and  ora  are  ir  the  horizontal  plane  (Iravity  ads 
downward  in  the  negative  J3  direction  The  fluid  is  in¬ 
compressible  and  has  a  constant  kinematic  viscosity,  1/  The 
dimcnsion'ess  governing  equations  are 


dt 


dU} 

dxj 


•  d\^  dp 
Rt  dxj"^  dx,  * 


(1) 


0 


(2) 


The  last  tern'  in  eq  (1)  i'  the  force  exerted  on  the  fluid  by 
N  particles  pei  unit  mass  of  fluid,  in  the  x,—  direction,  and 
calculate'’  from 


N 


h  =  T.  /*.•  '' 

hsl 


(3) 


where  fk.,  is  the  instantaneous  local  sum,  in  the  x,~  direc¬ 
tion,  of  the  first  four  forces  on  the  RHS  of  eq  (4)  below  acting 
on  one  particle  k  Normalization  of  /,  is  consistent  with  the 
other  terms  m  eq.  (1)  N  is  the  instantaneous  number  of 
particles  ,  [N  =  A^(xi,xa,X3,f)]  ,  within  the  control  volume 
at  which  eq  (1)  is  integrated  When  we  study  the  dis¬ 
persion  of  particles  without  effects  on  the  fluid  (i.c  one-way 
coupling  or  equivalently  particle-free  flow)  we  set  /,  equal 
to  zero  The  direct  effect  of  the  particles  presence  on  the 
continuity  equation  of  the  fluid,  eq.  (2),  is  assumed  negligi¬ 
ble  since  the  volume  fraction  of  the  particles  is  less  than  10~^ 
The  equations  are  discretized  in  an  Eulenan  framework  us¬ 
ing  a  second-order  rinitc-differcnce  technique  on  a  staggered 
grid  containing  64^  points  This  grid  permits  an  initial  mi¬ 
croscale  f^eynolds  number  -  35.  Few  additional  simu¬ 
lations  have  been  performed  with  96^  grid  points  and  higher 
R\_o  which  produced  similar  rctuHs  to  those  in  the  present 
paper  However,  the  computation  cost  (  both  memory  and 
epu  time)  with  the  96^  grid  and  two-way  coupling  is  quite 
high  at  present.  A  typical  simulation  requires  about  65  epu 
hours  on  the  Convex  C-240  computer  or  about  35  epu  hours 
on  the  Cray-Y-MP8/864  This  is  mainly  due  to  the  large 
number  of  particles  to  be  tracked  tor  the  same  volumetric 
loading  ratio  used  here  The  Adams-Bashforth  scheme  is 
used  to  integrate  the  equations  in  time.  Pressure  is  treated 
implicitly,  and  is  obtained  by  solving  the  Poisson  equation  in 
finite-H  fference  form  using  a  fast  Poisson  solver.  More  de¬ 
tails  about  tho  numerical  method  are  discussed  by  Gerz  ct 
al[4]. 

The  instantaneous  velocity  of  each  particle,  v„  in  the  x,  di¬ 
rection,  is  obtained  by  time  integration  of  the  following  La- 
graiigian  equation  of  particle  motion 

rrip  [av,ldtp)  =  trip  F  [u,  — 

+mf{DuJDt) 

+\mj  '{DuJD 


t  —  dvjdtp) 

/‘f  d/dr(«,  -u.)  (4) 


Kquation  (4)  describes  the  balance  of  forces  acting  on  the  pai- 
ticlc  as  it  moves  along  its  trajectory  The  term  on  the  left 
hand  side  is  the  inertia  force  acting  on  the  particle  due  to  its 
.uteleration  The  term*?  on  the  right  side  are  lespectively  the 
loicos  due  to  vis<4»iis  .Mill  (li.ig  fluid  pressur  ’  gra<ii 

ent  and  viscous  slres^es.  inertia  ol  \  11  tiiahiiass  \  im  ons  dt  .u; 
due  to  unsteady  relative  atceleration  (Basset),  and  buoyancy 
F  IS  the  inverse  response  time  of  the  particle  The  response 
time  is  the  time  for  momentum  transfer  due  to  drag  F  is 
calculated  from 


The  quantities  a,mp,pp  are  respectively  the  particle  radius, 
mass  and  material  density  Cp  is  the  drag  coefficient,  which 
is  assumed  a  function  of  the  Reynolds  number  of  the  particle, 
Rp  =  2flp|u,  -  v,[/p  The  fluid  density  and  viscosity  are  p 
and  p  1  ne  derivative  d/dtp  is  with  respect  to  time  following 
the  moving  particle,  whereas  Du,/Dt  is  the  total  accelera¬ 
tion  of  the  fluid  as  aeen  by  the  particle,  ^  =  [^  +  Wj 
evaluated  at  the  particle  position  Xp  Details  of  comput 
ing  particle  trajectories  and  particle  dispersion  statistics  are 
given  by  Elghobashi  and  Truesdell  [2] 

3.  RESULTS 

Here  we  compare  the  results  of  four  cases  (A,B,C  and  D)  to 
examine  the  effects  of  the  two-way  interaction  between  the 
particles  and  turbulence  Only  m  case  A  the  particles  do 
not  affect  the  flow  (  one-way  coupling)  All  the  other  three 
cases  have  the  same  volumetric  loading  ratio,  ^  =  5  x  lO'* 
The  particle  diameter  is  the  same  in  all  cases,  d  =  100^,  and 
is  smaller  than  the  Ivolmogorov  length  scale  throughout  the 
flow  development  in  all  the  cases  (0.08  <  d/rj  <  0  15)  Also 
the  particle  Reynolds  number,  Rp,  is  less  than  0  3  throughout 

We  examine  the  effect  ''  particle  inertia  in  the  absence  of 
gravity,  by  increasing  the  initial  particle  response  time,  tp,©, 
from  U  02 see  in  case  D  to  0  lOscc  in  case  C  This  is  achieved 
by  increasing  the  material  dens.ty,  pp,  from  S70  kg/m^  in 
B  to  2850  kj/m®  in  C  The  fluid  density,  p,  is  constant  ( 
=  1  kglm^)  Thus,  the  mass  loading  ratio  in  C  (  =  1  425)  is 
five  times  that  in  B  (=0  285).  Case  D,  with  the  same  Tpo 
as  m  A,  examines  the  effect  of  gravity  on  particle  dispersion, 
hence  on  the  turbulence  This  is  accomplished  by  prescrib¬ 
ing  the  ratio  of  the  initial  particle  drift  velocity  Uj,©  to  the 
initial  rms  velocity  of  the  fluid  Table  1  below  ■sumn. arizes 
the  conditions  of  the  four  cases  presented  here  The  last  two 
columns  co.itam  the  ratios  rp/r/c  and  Tp/t/,  where  the  value 
to  the  left  of  is  at  the  time  of  particle  injection  and  that 

to  the  light  is  at  the  end  of  the  simulation  The  turnover 
time  of  the  large  eddies  is  t/  =  ifumn  and  the  Kolmogorov 
time  scale  is  tk  =  (i//e)^^*  It  is  seen  that  {Tp/rj)  <  1  in 
all  cases,  whereas  Tp/xf^  <:  1  for  the  light  pa’  ‘  icle  and  >  I  for 
the  heavier  particle 


Table  1.  Conditions  of  the  cp^es  studied 


Case 

Coupl 

^vhK 

A 

1-way 

00 

0  02 

07=i.n? 

n  OQ  =*.  n  02 

B 

2- way 

0.0 

0.02 

0  7  0  2 

0  09  0  02 

C 

2- way 

0.0 

0 10 

36=5.  n 

0  43  ^  0  08 

D 

2- way 

04 

0.02 

C7=s-05 

0  09  =»  0  04 
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3.1  Turbulence  modulation 

3.1.1  Effects  of  inertia 

Figure  1  shows  the  time  development  of  tlie  turbulence  kinetic 
energy  normalized  by  its  initial  value  for  cases  A,B,C  and  D 
The  particles  are  injected,  at  dimensionless  time  T  0  75, 
with  their  velocity  equal  to  that  of  their  surrounding  fluid 
In  case  A  (one-way  coupling)  the  particles  do  not  influence 
the  flow,  and  thus  the  dashed  curve  A  follows  the  standeird 
decay  rate  of  grid  turbulence  Case  B  (two-way  coupling) 
IS  for  the  light  particles  in  zero  gravity,  and  thus  the  main 
force  of  interaction  between  the  particles  and  the  fluid  is  the 
drag  The  figure  shows  that  up  to  time  T*  =  2  0  the  particles 
m  case  B  cause  the  turbulence  energy  to  be  slightly  higher 
than  that  in  case  A  After  that  time,  the  particles  cause  a 
slight  reduction  in  energy  relative  to  A  Thus,  the  effect  of 
the  light  particles  on  the  turbulence  energy  is  negligible 

Now,  case  C,  with  larger  Tp  and  higher  mass  loading  than  B, 
shows  a  significant  deviation  from  both  A  and  B  Because  of 
the  large  Tp,  the  particles  in  C  experience  the  highest  relative 
velocity  fluctuations  as  seen  in  Fig  2  which  displays  the  time 
development  of  <  >=<  (ui  -  tii)^  >  for  the  four  cases. 

Up  to  T  =5-  1  the  particles  in  C  provide  a  source  of  energy  to 
the  decaying  turbulence,  as  will  be  discussed  later  with  the 
help  of  Fig  5-a  This  transfer  of  energy  from  the  parti* 
cles  to  the  turbulence  occurs  at  the  small  scale  level  since  the 
particle  diameter  is  less  than  the  Kolmogorov  length  scale 
This  IS  seen  in  Fig  3-a  which  shows  the  three  dimensional 
spatial  spectrum  of  fluid  energy,  E{k)^  at  T  =  2.  Case  C 
has  highest  energy  inaease  relative  to  A  in  the  high  wave 
number  range  This  supply  of  energy  to  the  turbulence  at 
high  wave  numbers  is  in  sharp  contrast  to  what  happens  in 
particle-free  turbulence  where  the  energy  is  extracted  from 
the  mean  flow  at  low  wave  numbers  It  is  important  to  note 
the  effect  on  the  low  wave  number  part  of  the  spectrum  due 
to  the  input  of  energy  to  the  small  scale.  Fig  3-a  shows  a 
reduction  of  energy  in  C,  relative  to  A,  m  the  low  wave  num¬ 
ber  range  This  is  explained  with  the  help  of  Pig.  4  which 
displays  the  time  development  of  the  skewness  of  the  fluid 
velocity  derivative 

j  3  ri  3  iVS 

s.  =  -5  E  /  [5  E  ((a«,/ax,)’)J  ,  (6( 

Su  IS  a  measure  of  the  average  rate  of  production  of  enstrophy 
by  vortex  stretching  or  the  rate  of  nonlinear  energy  transfer 
from  smaller  to  larger  wave  numbers  The  turbulence  is  con¬ 
sidered  fully  developed  at  about  T  =  0.6  where  — 5*, «  0  4 
The  particles  are  injected  at  T  =  0  75.  In  case  A  where 
the  particles  have  no  effect  on  the  flow,  the  magnitude  of  5« 
gradually  increases  to  about  0  45  indicating  no  interruption 
to  the  energy  cascading  process.  Case  B  with  the  lighter  par¬ 
ticles,  the  smallest  <  Vffl  ^  >  (Fig.  2),  and  smallest  energy 
increase  at  high  wave  numbers  (Fig  3-a),  shows  the  smallest 
decrease  in  the  magnitude  of  Su  (Fig  4),  hut  otherwise  the 
development  of  Su  is  similar  to  that  in  A. 

Case  C  exhibits  the  largest  rate  of  reduction  in  the  mag¬ 
nitude  of  5u,  relative  to  A,  1  <  T  <2,  indicating  a  decrea'j 
in  the  rate  of  transfer  of  energy  from  the  large  scale  to  small 
scale  motion.  The  supply  of  energy  from  the  particles  to  the 
high  wave  number  turbulence  acts  as  a  "dam”  which  results 
simultaneously  in  (t)  increasing  the  level  of  the  total  turbu¬ 
lence  energy  (Fig.  1),  and  (ii)reductng,  the  rate  of  nonlinear 
energy  transfer  or  equivalently  the  rate  of  vortex  stretching 
at  the  low  wave  numbers  (Fig.  3a),  hence  the  lower  magiu- 


Now  (-5u)  ‘s  proportional  to  the  production  rate  of  the  dis¬ 
sipation  rate  i  Yet  the  total  dissipation  rate  e  shows  a 
iitak  at  r  =  2  (,  Fig  6)  coinciciing  with  the  inmimuTD  value 
of  (“5u)  This  indicates  that  tin-  increase  in  £■  is  a  icsult 
of  direct  particle/fluid  interaclion  at  the  small  scale  level  and 
not  due  to  a  nonlinear  transfer  of  energy  from  the  low  wave 
number  motion  This  is  evident  in  Fig  7  which  displays  the 
spatial  spectrum  of  £{k)  at  T  =  2  The  figure  shows  that 
case  C  has  the  highest  magnitude  of  c  at  high  wave  numbers, 
ano  lowest  at  low  wave  numbers  relative  to  all  other  cases 
This  augmentation  of  £  due  to  the  direct  particle/fiuid  inter¬ 
action  will  be  discussed  further  below 

However,  for  times  T  >  2  ,  and  due  to  large  the  energy 
of  turbulence  in  C  experiences  the  highest  rate  of  decay,  rel¬ 
ative  to  A.  First,  due  to  the  transfer  of  energy  from  the  par¬ 
ticles  to  the  fluid,  the  relative  velocity  fluctuation  (v,  -  u,) 
changes  sign  from  positive  to  negative  at  7  %  1  as  seen  in 
Fig  5a.  This  figure  shows  the  lime  development  of  the  cor¬ 
relation  <  ui(vi  —  ui)/Tp  >  which  represents  the  time  rate 
of  change  of  turbulence  energy  due  to  the  particles.  This  is 
seen  from  the  exact  dimensionless  transport  equation  of  tur¬ 
bulence  energy  after  spatial  averaging  in  the  periodic  domain 
for  homogenous  turbulence, 

dE/dt  =  <  4‘Ui(Ui  -  Wi)/Tp  >  -  c  (7) 

=  -  e  ,  (8) 

where 

41  =  5^4,  =  ^<<tu,(t;,-«,)/Tp  >  ,.  (9)^ 

I  t 

and  c  is  the  rate  of  energy  dissipation  Figure  5-a  shows  that 
up  to  T  =  I,  'I'l  15  positive,  hence  a  reduction  m  the  decay 
rate  of  E  The  magnitude  of  E{t)  itself  after  particle  injection 
depends  on  the  initial  amount  of  energy  transferred  from  the 
particles  to  the  turbulence  at  injection  and  the  subsequent 
rate  of  change  dBjdt.  Figure  5-a  indicates  that  in  case  C,  ^1 
becomes  negative  after  T  =  1,  and  its  maximum  magnitude 
occurs  dt  T  5=  2  This  results  in  the  peak  value  of  the  total 
dissipation  rate,  €{t),  at  T  =  2  as  shown  in  Fig  6,  and  a 
subsequent  decay  of  £(f),  due  to  the  reduction  of  the  magni¬ 
tude  of  4*1.  When  4'i  diminishes  to  nearly  zero  for  T  >  5.5, 
{dEfdt)  in  C  approaches  its  value  in  B. 

It  is  important  here  to  comment  on  the  significance  of  the 
physical  meaning  of  the  correlation  'If  Elghobashi  and  Abou- 
Arab  [1]  derived  the  exact  equation  of  turbulence  energy  for 
a  fluid  laden  with  particles  and  classified  the  correlation  '9  as 
”  extra  dissipation”.  It  was  believed  that  this  quantity  would 
most  probably  be  always  negative  because  either  (a)  the  fluid 
and  particle  velocities  have,  on  the  average,  the  same  sign, 
hence  their  correlation  ,  <  U|V,  >,  would  be  positive  but 
its  magnitude  would  be  less  than  the  fluid  autocorrelation 

<  u,u,  >;  or  (b)  the  velocities  have  different  signs,  then  the 
whole  quantity  is  negative  regardless  of  the  relative  magni¬ 
tudes  of  the  correlations.  However,  the  present  study  indi¬ 
cates  that  it  IS  possible  that  u,  and  v,  have  on  the  average 
the  same  sign  and  <  UiV,  >  is  larger  than  <  u,Ut  >.  Here, 
the  turbulence  is  decaying  and  a  sufficient  concentration  of 
particles,  with  sufficient  inertia  is  "dragging”  the  surround¬ 
ing  fluid  along,  resulting  in  a  positive  value  of  the  correlation 

<  -  ti.)  >  hence  a  soiirri*  of  m^rgy  (  Fig  5-a, 
all  cases  for  T  <  1  and  case  B  for  T  >  2.2).  Thus  it  is 
recomn.snded  here  to  reclassify  the  correlation  *1'  as  an  extra 
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'ourff/sniit  of  eiiergj  due  to  particle/fluid  interaction  Thi** 
letommendation  is  strongly  lupported  by  the  results  of  the 
next  section 

3.1.2  Effects  of  gravity 

Case  D  is  identical  to  B  except  that  the  gravity  in  D  is 
nonzero  We  see  in  Fig  1  that  the  energy  decay  rate 
in  D  IS  significantly  reduced,  relative  to  the  other  three  cases 
throughout  the  computational  time  This  tan  be  explained 
via  Fig  8  which  displays  the  time  development  of  the  trace 
of  the  anisotropy  tensor  of  the  fluid  turbulence,  /!„,  defined 
as 


The  figure  shows  that  the  deviation  from  isotropy  is  greatest 
for  case  D,  whereas  it  is  negligible  for  the  other  cases  In  par¬ 
ticular,  the  respective  energy  contributions  of  the  three  com¬ 
ponents  <  u]  >,  <  <  U3  >  m  D  are  26%,28%&46% 

at  T  =  4  and  19%,209&i:Cl%  at  T  =  8  In  other  words,  the 
contribution  of  <  U3  >  to  £  is  always  larger  than  the  other 
two  components,  and  it  increases  monotonically  with  time 
Thus,  the  higher  values  of  E{i)  in  D  relative  to  the  other 
cases  is  due  only  to  the  increase  of  <  U3  >,  the  component  in 
the  gravity  direction  The  effect  of  gravity  on  the  particles 
18  transmitted  to  the  carrier  fluid  via  *^3  as  indicated  in  Eq 
(7)  and  shown  in  Fig  5.  It  is  seen  that  for  T  >  1,  *I'i  (S5!  *I'a) 
IS  negative  and  small  whereas  'i'a  is  a  large  positive  Again, 
the  cfiFect  of  'I',  is  felt  first  by  the  smallest  scales  as  discussed 
earlier,  and  then  is  gradually  transmitted  to  the  larger  scales 
as  evident  in  Figs  3-a  {T  =  2)  and  3*b  (T  =  8)  kxT  ~  2. 
there  t&  an  increase  in  E{k)  at  high  wave  numbers,  though 
less  than  in  €•  At  T  =  8,  that  increase  propagated  to  the 
low  wave  numbers,  i.e  the  effect  of  the  energy  dam  is  now 
felt  by  the  large  scales  The  reason  that  the  energy  dam  m 
D  caused,  for  f  >  4,  an  increase*  in  E{k)  at  low  k,  whereas  it 
caused  a  reduction  in  E{k)  in  case  C  is  that  gravity  is  a  per¬ 
manent  source  of  energy  The  effect  of  the  high  inertia  (r^), 
on  the  other  hand,  in  C  depends  on  the  sign  of  a  positive 
sign  results  in  an  energy  source  {T  <  1)  and  a  negative  sign 
results  in  a  sink  of  energy 

It  should  be  emphasized  here  that  the  energy  increase  at  the 
low  wave  numbers  in  D  is  due  to  the  reverse  cascading  process 
rather  than  an  energy  production  at  the  large  scales.  This  is 
evident  in  Fig  4  where  case  D  has  the  smallest  magnitude  of 
(— 5j,)  for  T  >  4.  Figs.  6  and  7  also  show  the  corresponding 
behavior  of  £(0  and  €{k) 

3.2  Lagrangian  statistics  of  dispersion 

Due  to  space  limitations  we  present  only  the  diffusivities  of 
the  fluid  points  and  solid  particles  in  the  x\  and  xa  directions 
Figure  9  shows  the  time  development  of  the  fluid  point  dif- 
fusivity  in  the  Xi  direction  for  cases  A,B,C  and  D  A  fluid 
point  IS  defined  here  as  a  fluid  particle  that  coincided  with  a 
solid  particle  at  the  injection  time  of  the  latter.  Note  that 
the  time  coordinate  starts  from  the  injection  time,  and  the 
reference  time  is  0  128sec  Thus,  the  simulation  ends  at 
0  93  sec  corresponding  to  a  dimensionless  time  T  -S. 

Curve  A  (one-way  coupling)  represents  the  turbulent  diffu- 
sivity  of  a  fluid  in  homogeneous  isotropic  turbulence,  and 
agrees  quite  well  with  Taylor’s  theory  [2],  It  is  seen  that 
for  short  time  dispersion,  the  two-way  coupling  incrca.ses  the 
fluid  diffusivity  slightly  above  that  of  the  particIc-frce  flow. 
However,  the  long  time  diffusivity  in  B,C  and  D  is  less  than 


that  in  A.  This  is  expected  since  the  rate  of  growth  of  the 
length  scales  m  B.C  and  D  is  lc.ss  than  in  A.  The  dissipation 
rate  e(t)  in  B.C  and  D  (Fig  6)  is  higher  than  in  A,  hence  a 
reduction  in  the  Kolmogorov  length  scale  relative  to  A  Fur¬ 
thermore,  the  increase  of  E{t)  in  C  and  D  relative  to  A  is  less 
than  the  corresponding  increase  of  £(f),  hence  a  reductio,]  of 
the  integral  length  scale,  f 

The  long  time  diffusivity  of  the  solid  particles  in  the  xi  di¬ 
rection  (Fig  10).  is  also  reduced  in  B  and  D  relative  to 
A  However,  in  C  due  to  the  higher  tp,  the  initial  inertia 
of  the  particles  accelerates  the  surrounding  fluid  (  Fig  5- 
a),  and  thus  the  velocity  autocorrelation  of  the  particles  is 
higher  than  that  in  a  fluid  that  is  not  influenced  by  the  parti¬ 
cles  This  higher  correlation  results  in  higher  displacement 
and  larger  diffusivity  than  in  A  Of  course  the  velocity  auto¬ 
correlation  dinunishes  with  time,  and  the  particle  diffusivity 
in  C  approaches  that  in  A 

Now,  the  significant  role  of  gravity  in  augmenting  the  tur¬ 
bulent  diffusivity  the  solid  particles  and  simultaneously  aug¬ 
menting  the  diffusivity  of  the  fluid  points  is  seen  in  Fig  1 1 
Cases  B  and  C,  with  zero  gravity,  show  the  same  asymptotic 
behavior  as  in  Figs  9  and  10  (  note  the  difference  in  scales 
of  the  ordinate)  Case  D,  on  the  other  hand,  shows  a  mono- 
tome  increase  of  the  diffusivity  with  time,  and  at  the  end 
of  the  simulation  it  is  about  two  orders  of  magnitude  higher 
than  that  in  the  lateral  directions 

4.  CONCLUDING  REMARKS 

The  interaction  between  small  solid  particles  {d/rj  <  1),  at  a 
volumetric  loading  ratio  4>  »  5  x  10'^,  and  a  decaying  homo¬ 
geneous  turbulence  is  studied  using  direct  numerical  simula¬ 
tion  The  results  show  that  the  particles  increase  the  fluid 
turbulence  energy  at  high  wave  numbers.  This  increase  acts 
as  a  barrier  to  the  nonlinear  energy  transfer  irom  the  low  wave 
number  range  Particles  with  higher  Tp  (case  C)  result  m  an 
initial  net  increase  of  the  turbulence  energy  relative  to  that 
of  smaller  particles  (case  B),  but  a  net  reduction  at  longer 
times  Associated  with  the  energ)  increase  at  higher  wave 
numbers,  there  15  a  larger  increase  in  the  dissipation  rate  of 
energy  The  net  result  is  a  reduction  m  all  the  turbulence 
length  scales,  hence  lower  turbulent  diffusivity  of  the  earner 
fluid  turbulence  due  to  the  two-way  coupling. 

Gravity  results  in  a  significant  turbulence  anisotropy  and  an 
increase  m  the  diffusivity  of  the  particles  and  fluid,  in  the 
gravity  direction,  by  two  orders  of  magnitude  relative  to  the 
zero  gravity  cases 

The  correlation  =  E,  'I't  =  Ei  <  ♦w.(v,  —  n,)/Tp  >  can  be 
positive  or  negative  and  thus  ran  be  considered  a  source  or 
sink  of  fluid  turbulence  energy  (Eq  (7)). 
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ABSTRACT 

A  new  approach  fur  the  modelling  of  the  statistical 
characteristics  of  heavy  particle  clouds  in  turbulent 
two-phase  flows  is  proposed,  taking  into  account  of  the 
dragging  by  the  fluid  turbulence  and  the  intcrparticle 
collisions.  This  model  is  based  on  separate  transport 

equations  for  the  dispersed  phase  Reynolds  stress  tensor 

components  and  th?  fluid  particle  velocity  correlation 
The  proposed  closure  assumptions  allow  to  compute 
dispersed  dilute  iwo*phase  flows  and  lead  to  classical 

results  derived  by  applying  kinetic  theory  when 
interparticle  collision  is  the  Uouintting  phenomenon 

The  model  is  used  to  predict  axisymetne  dilute 
particle-laden  jeis  and  a  confined  swirling  gas-particle 
flow  The  numerical  results  compare  favourably  to 
available  experimental  results  The  model  accounts  for. 
among  other  phenomena,  the  influence  of  the  radial 
r  m  s  velocity  measured  at  (he  nozzle  exit  on  pxrticle 
dispersion  and  the  high  anisotropy  of  the  particle 

fluctuating  motion  observed  in  the  mam  flow 

INTRODUCTION 

Turbulent  dispersed  flow  is  a  particular  class  of  two- 
phase  flows,  observed  in  many  industrial  devices  and 
characterized  by  the  presence  of  a  continuous  fluid 
phase  mixed  with  solid  particles,  liquid  droplets  or  gas 
bubbles  By  assumption,  the  representative  length  and 
lime  scales  of  the  dispersion  (inclusion  size, 
interparticle  distance,  particle  relaxation  time  )  remain 
small  with  respect  to  the  ones  of  the  whole  flow 

The  two-fluid  Eulenan  approach  adopted  here  leads  to 
solve  separate  mean  balance  equations  for  each  phase 
coupled  by  interfacial  transfer  terms  For  dilute  particle 
concentrations,  the  closure  assumptions  required  for  the 
turbulent  correlations  and  transport  coefficients  are 
based  on  the  ’.agrangian  analysis  of  the  separate 
particle  behaviour  (see  for  example.  Elgobashi  and 
Abou-Arab,  1983)  Thus,  the  particle  statistical 
characteristics  are  assumed  to  be  mainly  controlled  by 
the  interaction  with  the  fluid  turbulence  On  the  other 
hand,  the  set  of  equations  obtained  from  the  Eulenan 
approach  may  be  used  for  the  prediction  of  gas-solid 
flows  with  dense  particle  concentrations  (Lun  et  al . 
1984)  But.  in  this  case,  the  particle  random  motion  is 
mainly  controlled  by  the  interparticle  collisions  and 
practical  closure  assumptions  are  derived  from  the 
kinetic  theory. 

AVERAGE  FIELD  EQUATIONS 

In  the  iwo-fluid  model  formulation,  the  field  equations 
for  each  phase  can  be  derived  directly  from  the  local 
instant  conservation  equations  in  single-phase  flow  by 
density-weighted  averaging  with  in  addition  average 
balances  of  mass,  momentum  and  energy  at  the 
interfaces  The  average  field  equations  used  in  this 
paper  are  achieved  by  restricting  our  attention  to 
isothermal  mixtures,  where  no  phase  change  occurs,  and 
according  to  the  mam  assumptions  that  ' 

-  the  granular  stress  due  to  interparticle  collision  and 
the  molecular  viscous  stress  in  the  gaseous  phase  are 
negligible  compare  to  the  kinetic  part  of  the  total  stress 
tensor,  the  so-called  Reynolds  stress  tensor 


-  the  dispersion  effect  due  to  the  correlation  between 
the  gas  pressure  fluctuations  and  the  instantaneous 
distribution  of  particles  is  negligible  compare  to  the  one 
induced  by  the  fluctuations  of  the  drag  force 
Mass  balance  : 

|-akPi +^a,p,U„  =  0  (1) 

Uk.,  is  the  mean  velocity  i-component  for  the 
continuous  (k»l)  and  dispersed  phases  (ka2)  respectively. 

Ok  IS  the  volumetric  fraction  and  the  mean  density 
Momentum  balance 

*  “kPk^j^Ukj  *  -Ok^Pl  +akp|tg, 

'  a  <2) 

-~ak<pu",u-,>,  +  lk, 

u",  IS  the  fluctuation  of  the  local  instantaneous 
velocity  and  <  .  >k  the  averaging  operator  associated  to 
phase  k. 

OkPkUk.,  ■  cik<  pu,>|  <pu",>ke0 

Pi  IS  the  mean  pressure  of  the  continuous  phase, 

Ik. I  1$  the  part  of  the  interfacial  momentum  transfer 
rate  between  phases  which  remains  after  substraction 
of  the  mean  pressure  contributions. 

Finally,  the  closure  of  the  average  field  equations  is 
achieved  using  constitutive  relations  for  the  interfacial 
transfer  term  1^ ,  and  the  second-moment  correlations  of 
the  Reynolds  stress  tensor  <pu",u"j>k 

THE  INTERFACIAL  MOMENTUM  TRANSFER 

In  Qispersed  two-phase  flow,  the  mean  spacing 
between  particles  is  generally  assumed  to  be  very  small 
with  respect  to  the  variation  scale  in  the  mean  Dow,  and 
the  averaging  method  associated  to  the  dispersed  phase 
can  be  written  at  any  point  as  an  ensemble  average 
taken  over  the  large  number  of  panicles  included  in  a 
reference  timc-space  domain  centred  on  the  point.  Thus, 
if  particles  are  assumed  to  interact  only  slightly,  the 
momentum  interfacial  transfer  term  Ik.i  can  be  obtained, 
by  averaging,  from  the  analysis  of  the  balance  of  forces 

acting  on  an  isolated  particle  in  a  turbulent  flow  A 

special  care  is  required  during  averaging  process  in 
order  to  lake  into  account  the  dispersion  effect  due  to  the 
local  fluctuations  of  the  momentum  transfer  term 

For  heavy  particles  the  momentum  interfacial 

iransfert  term  reduces  to  the  drag  force  contribution. 

- 1;.'  Ci2<  Pi  7^|vr|v,,,>j  Pi»Pi  (3) 

4  a 

where  Cp  ,  the  Iocs.!  drag  coefficient,  may  be  written 

Cd=  — [l  +0  15Re“*]  Re  S  1000  Re  = 

Re‘  ■'  Pi 

local  instantaneous  relative 

velocity  defined  on  each  point  included  in  the 

partictiiate  phase. 

U2,  IS  the  translation  velocity  of  the  particle,  with 
diameter  d,  which  contains  the  point, 

U],  u  the  characiensiic  velocity  of  the  surrounding 
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flow  field,  def.ucd  as  the  insuniancous  fluid  flow  locally 
undisturbed  by  the  presence  of  the  particle 

The  ..uiQ  flow  field,  locally  undisturbed  by  the 
particles  presence,  remains  lurbulcnl  and.  assuming 
that  the  spatial  average  of  the  disturbances  (wakes)  due 
to  the  presence  of  the  particles  is  negligible,  we  have  ■ 


second  (11)  IS  modelled  according  to  Elgobashi  and  Abou- 
Arab  (198?).  m  terms  of  the  Huid  turbulent  lime  scale 
If  we  assume  no  statistical  bias  due  to  the  correlation 
between  the  particle  distribution  and  the  local 
instantaneous  fluid  turbulent  kinetic  energy,  we  obtain 

<  u"iiV%.>i  =  qi2  -  2q,  (12) 


ui,=  Ui.fU".,  PiU,,=  <put  >1  <pu"ij>i=0 

Neglecting  the  influence  of  the  drag  coefficient 
fluctuations  along  the  particle  trajectory,  we  finally 
obtain  by  averaging 

1,.=  niP.FoV,,  FD=i££<|v,l>  (4) 

^  d 

V,,,,  the  averaged  value  of  the  local  relative  velocity 
between  each  particle  and  the  surrounding  fluid,  can  be 
expressed  in  function  of  the  total  difference  between  the 
mean  velocities  AU,=  lii,-  Ui .  and  a  drifting  velocity  Vj. 
due  to  the  correlation  between  the  instantaneous 
distnbutio*!  of  particles  and  the  vclwty  fluctuations  of 
the  undisturbed  tluid  flow 

V,,=  [u,, -U,,]  -  V.,  V.,-  <u.,>!  -U,,= 

The  drifting  velocity  V  ^ ,  takes  into  account  the 
dispersion  effect  due  to  the  transport  of  panicles  by 
lurbulcnl  fluid  motion.  According  to  the  limit  ease  of 
particles  with  d.ameter  tending  towards  zero,  for  which 
the  drifting  velocity  reduces  to  the  single  turbulent 
correlation  between  the  voluncirit  fraction  of  the 
dispersed  phase  and  the  velocity  lluctuation  of  the 
continuous  phase,  the  velocity  V^,  is  written  as  follows 


this  late  equality  (12)  clearly  implies  that  the  particle 
presence  leads  to  destruction  or  production  of  the  fluid 
turbulence  according  to  the  local  value  of  the  fluid- 
panicle  velocity  covariance  qi2  =  <u  i ,  u"2,  >2  with  regard 
to  the  fluid  turbulent  kinetic  energy 


Table  1  Coefficients  of  the  turbulence  model 


Q.I 

<k 

0  09(*) 

1  92  (•)  1  44 

1 

1  3 

1  2 

^(*)  Turbulence  round  jet  model,  see  Rodi  W  (1972) 
THE  PARTICULATE  FLUCTUATING  MOTION 
Characteristic  times 


U  IS  convenient  to  define  several  time  scales  m  order 
to  characterize  the  paniculate  flow 

t 

t,2,  the  characicrist'c  lime  of  particle  entrainment  by 
the  fluid  motion  or  particle  relaxation  time,  relates  to 
menial  effects  acting  on  the  particles 

I-  -I 

t,2=  Fo  -  (13) 

Pi 

t]2>  the  time  scale  of  the  fluid  turbulent  motion 
viewed  by  the  particles  or  eddy-particle  interaction  time, 
IS  mainly  affected  by  ih*  mean  relative  movement  of  the 
panicles  (crossmg-trajcctoncs  effects)  and.  following 
Csanady  (1963),  can  be  wnticn 


Based  on  theore.icai  analysis  of  particle  dispersion 
mechanism  in  homogeneous  turbulence  (Deutsch  ano 
Simonin,  1991),  the  binary  turbulent  diffusion  tensor  is 
written  in  terms  of  the  fluid-particlc  velocity 
correlation  tensor  and  an  cddy-particle  interaction  time 

t'l!< 

THE  FLUID  TURBULENCE 
Closure  assumptions 

Closure  assumptions  are  achieved  considering  only 
the  turbulent  fluid  motion  at  large  scales  with  respect  to 
the  mean  particle  diameter . 

<  pu",ll"j>i  2  <  PU",jU",j>, 


t'lw-  l'.(l  -Csij]  '  t,  =  I  V,  I  ; (14) 

in  the  C  direction  parallel  to  the  mean  relative  velocity, 

_  I 

t'a,  •  I'l  [  1  ’  j»l  (15) 

in  the  orthogonal  directions  Comparisons  with  results  of 
experiments  and  numerical  predictions  using  Large  Eddy 
Simulation  lead  to  a  practical  value  of  »  0  45 

x\,.  the  intc’Tiarticle  tolhsion  time,  can  be  written  in 
the  frame  of  the  kinetic  theory  as 

tl=[n2Q2g2]  (16) 


Thus,  the  fluid  turbulent  predictions  are  earned  out 
with  a  standard  q^  -  c  model  supplemented  with  additional 
terms  taking  into  account  the  intcrfacia!  turbulent 
momentum  transfer  (Simonin  and  Viollct,  1990a) 

The  fluid  correlations  arc  computed  with  the  help  of 
the  eddy  viscosity  concept 


<  pu  ,u  j>i»  -  piV, 


^-5., 


auu  ,  aui, 

dXj  Ox, 


•  au., 

‘  ax„ 


(7) 


v’l  =  ^  qN'i 


1 


(8) 


t,'.  the  lime  scale  of  the  energetic  turbulent  eddies  or 
turbulent  dissipation  time,  is  obtained  directly  from  the 
turbulent  kinetic  energy  q,^  and  its  dissipation  rate  Ci 


3  r  9i 

2  't; 


(9) 


Particle  source  terms 

The  particle  fluctuating  motion  is  assumed  to 
influence  the  fluid  turbulence  through  the  following 
source  terms  for  qi^and  ej,  respectively 

n,,“  02PiFd[<“"i,v",,,>j-v.,v,,]  (10) 

The  first  equality  (10)  can  be  derived  directly  from  the 
instantaneous  fluid  momentum  equations  While,  the 


n2sa2  6/jtd  is  the  particle  number  density 
Q2-  n  d  15  the  collisional  section  rate  , 

|q2  IS  the  particlc-pariiclc  relative  velocity 

We  must  nonce  that  the  previous  expression  given  for 
the  particle-particle  relative'  velocity  is  not  fully 

accurate  in  turbulent  flows  due  to  the  spatial  extension 
of  the  Eulerian  velocity  correlation  function  and  leads  to 
over-estimate  (he  interpariicle  collision  lime  but  only 

when  the  particles  are  inclined  to  follow  the  fluid 
fluctuating  motion  (t,2<  ti2) 

Dispersed  dilute  two*phase  flows 

The  concentration  of  particles  in  turbulent  two-phase 
flows  is  said  dilute  if  the  mlcrpariiclc  collision  influence 
IS  negligible  and  so  the  dominant  process  in  the  particle 
random  motion  is  the  dragging  along  by  the  fluid 
turbulence(‘Ci2and  Ti2<T2) 

In  such  flows,  the  turbulent  prediction  in  the 
dispersed  phase  may  be  achieved  by  extension  of  results 
on  dispersion  of  discrete  particles  by  homogeneous  and 
steady  turbulent  fluid  motions  in  the  framework  of 
Tchen's  theory  (Deutsch  and  Simonm.  1991'  Transport 
coefficients  and  velocity  corrclation.s  arc  given  in  terms 
of  the  mean  characteristics  of  the  continuous  turbulent 
motion  with  the  help  of  the  particle  relaxation  lime  and 
eddypariiclc  interaction  time  ratio. 

However.,  this  approach,  which  assumes  local  shaking 
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ot  particles  bv  the  fluid  turbulent  and  neglects  the 
produs.lion  induces  by  the  mean  particle  velocity 
gradient  and  the  memory  of  injection  conditions,  leads 
in  particular  to  underprcdici  the  dispersed  phase 
turbulent  kinetic  energy  and  the  panicle  dispersion  in 
particle-laden  turbulent  jets  (Simontn  and  Viollet. 
1990a).  Improvements  may  be  achieved  using  transport 
equations  for  the  particle  statistical  ciaracienstics.  But  a 
separate  treatment  of  the  particle  Rey:>oIds  tensor 
components  is  required,  owing  the  fact  that  the 
anisotropy  of  the  dispersed  phase  turbulence  plays  a 
dominant  pan  in  the  particle  dispersior  mechanism 


Particle  collision  influence 

The  extension  of  gas-partecle  flow  modelling  to  dense 
situations  prescribes  to  take  into  account  the  particle 
collision  influence.  Howe\er.  as  we  restrict  our  attention 
to  pariiCic  clouds  n.'t  too  dense  (a2<  01  ).  the  exchange  of 
momentum  due  to  irticle  collision  I'l  negligible  (Lun  et 
al  ,  1984)  and  the  random  motion  of  particles  still 

provides  the  principal  mechanism  foi  the  macroscopic 
transport  of  quantities  suc^  as  momemum  and  energy 
Therefore,  conthbuiinn  to  stresses  can  be  derived  in 
the  frame  of  kinetic  theory  of  gases  Grad  (1949).  by 
assuming  a  special  form  for  the  particle  distribution 
function  expanded  in  Hcrmtte  polynomials,  has  obtained 
explicit  foims  of  the  collision  teims  appearing  in 
transport  equations,  up  to  the  triple  particle  velocity 

correlation  Thus,  foliowing  3rad‘s  approach,  the 

inierparticle  colli  on  influence  for  mono-sizcd  elastic 

hard  spheres  reduces  to  a  return'to-isotropy 
contribution  in  the  particuUte  str^-s  equations 

Finally,  the  equation  sr\  governing  particle 
fluctuating  motion  includes  ira  ispori  equations  for  th<* 
kinetic  stress  components  o'  th .  dispersed  phase  and  for 
the  covariance  between  the  '’fbcity  fluctuations  of  the 
two  phases 


Particulate  stress 


-  0ip2 


equations 

. 

<  u  24U  ♦  <  u  :j«  2«>2*37= 

oXtit  vX|ii  I 


~^292-y[< 

"'Q 

-  the  first  term  on  the  right-hand  side  of  the  equation 
represents  the  transport  of  the  stress  by  the  velocity 
fluctuations,  and  1$  diffusive  in  chara^'tcr  .• 

-  the  second  form  represents  (he  production  by  the 
mean  particle  velocity  gradient  . 

the  third  term,  which  takes  account  of  the 
i.iterparticle  collision  (o* «  A/5),  leads  10  destruction  of 
(he  off-diagonal  correlalions  and  redistribution  of 
energy  among  (he  various  normal  stresses  v 

-  the  late  term  represents  the  interaction  with  fluid 
turbulent  motion  and  leads  to  creation  or  destruction  of 
the  particle  velocity  correlations  according  to  (he  fiuid- 
particle  symmetrical  correlation  tensor 

RlU,=  + 


Diffusive  transport  modelling 

The  triple  velocity  correlation  contribution  is 
approximated  with  a  gradient  diffusion  model  in  terms  of 
a  diffusivity  tensor  obtained  from  the  third-moment 
equations,  by  neglecting  convective  transport  and  mean 
gradient  effects  ■’> 


1^2/nn  ~ 


^12^  S  1 2 

Rlimn  +  -^<UZmU:fl>2 

4i2  4i: 


1 

^12^  2 


(17) 


Fiuid'particle  covariance  equation 

The  fluid-particie  correlation  field  between 
fluctuating  velocities  must  be  approximated  and. 
unfortunately,  there  are  no  direct  measurements  of  the 
correlations  to  serve  as  a  guide  Nevertheless,  closure 
assumptions  must  be  consistent  with  the  modelling  of 
fluid  turbulence  when  the  particle  relaxation  time  is 
tending  towards  zero  with  regards  to  the  eddy-particle 
interaction  time.  Thus,  in  our  approach,  covariance 
tensor  components  are  computed  with  the  help  of  (he 
eddy  viscosity  concept  . 


<  pU  ijU  2o>2  » 


-P2V,2 


3Uo  ^  3Ui!j 
dXj  3x, 


(18) 


P2qi2  ♦  P2V12 


3Xn, 


qi2  =  <  U”ij  I*'' 24  >2 


(19) 


The  fluid-particle  covariance  equation  is  written  in 
an  approximate  form  which  privileges  the  particulate 
transport 


a2P2—  -  j;;^a2P2— 


“2P2^I2 


3^24  „  3LIi4 

-P.<pu,.u  <pu„u.,>,-- 

the  first  terrii  m  the  right-hand  side  of  the  equation 
represents  the  f/rbulent  transport  of  the  covariance  ,* 

-  the  scemd  takes  into  account  the  destruction  rate 
due  to  vi$cou«i  .iction  in  fluid  and  is  modelled  m  terms  of 
the  eddy-parliclt  interaction  time. 

®ii  =  912/  ^12  (20) 


~  the  third  one  represents  the  inicraciion  between  the 
flucluatng  motions. 

n,„--  0!PiFd<  (21) 

-  the  last  two  terms  represent  the  production  by  the 
mean  velocity  gradients 

We  must  notice  that  the  eddy  viscosity  formalism  leads 
to  neglect  anisotropy  of  the  fluid-particle  correlation 
field  induced  by  crossing  trajectories  effects  through 
the  cddvparticle  interaction  time  expressions  (14)- (15) 


Local  shaking  by  fluid  turbulence 

For  the  simplest  case,  that  of  dilute  dispersion  of 
heavy  particles  suspended  in  an  homogeneous,  isotropic 
and  steady  turbulent  fluid  flow,  the  equation  set 
governing  particle  and  fluid-particle  velocity 
corfeiations  leads  to  the  following  expressions 


2  2 

92*=  qi 


Ir  (22) 


qi2«  2qj 


(23) 


which  are  consistent  with  the  analytical  expressions 
obtained  m  the  frame  of  the  Tchen's  theory  (Deutsch  and 
Stmonin,  1991),  using  exponential  form  for  the  fluid 
turbulence  Ligrangian  function  viewed  by  the  particles 

In  homogeneous  shear  flows,  the  particulate  viscosity 
may  be  obtained  from  the  second-moment  equations, 
providing  that  the  difference  between  the  fluid  and 
particle  mean  velocity  g'^adienis  is  negligible 

vi  =  vl,  +  (24)' 


we  can  notice  that  ihc  paniculate  Schmidt,  SCj^Vj'/  D2'.,  is 
about  1/2  for  "large”  heavy  particlet  ((),<<  1) 

These  closure  assump.ions  have  been  u’icd  with  some 
success  for  the  prediction  of  dilute  particle-laden 
turbulent  jets  (Simonm  and  Viollet.  1990a) 


Cocfficicnf.s  arc  given  etiher  by  the  kmetre  theory  of 
gases  or  by  standard  fluid  turbulence  second-moment 
closure  (Launder  ct  al ,  1975) 


^12- 
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RESULTS  AND  DISCUSSION 
Numerical  method 

A  two-dimensional  numerical  code,  named  M^lodif. 
has  been  developed  for  several  years  at  the  "Laboratoirc 


National  d'Hydraulique"  for  predicting  fluid-inclusions 
(inclusions  standing  either  for  bubbles,  drops  or 
particles)  turbulent  recirculating  two'phasc  flows  This 
numerical  code  is  based  on  finite  discretization  and  an 
incremental  version  of  the  original  fractional  step 
method  (Simonin  and  Viollei,  1990b) 

The  practical  extension  to  kinetic  stress  transport 
modelling  was  achieved  by  a  standard  treatment  of 
additional  equations  But.  in  order  to  enable  economical 
second  order  discretization  and  to  a  oid  numerical 
oscillations,  particulate  stress  components  are  computed 
on  the  pressure  half-staggered  subgrid 

Particle*laden  turbulent  jets  (test  cases  1  and  2) 
Figures  1  to  8  show  comparisons  of  numerical 
predictions  with  velocity  measurements  in  axisymctric 
particle-laden  turbulent  round  jets  (Modarress  et  al  , 
1984)  The  flow  set-up  consists  in  a  20mm  diameter 
vertical  pipe  discharging  air  and  particles  in  a  low 
velocity  coflowing  flow  particle  diameter  d=50)im. 
density  ratio  p2/pi=2S50.  mass  loading  ratio  ^o=0  32  and 
0  8S  for  test  cases  1  and  2  respectively  Measured  flow 
conditions  at  the  pipe  exit  were  completed  by  presumed 
values  for  the  rms  velocity  in  the  radial  direction  given 
in  terms  of  the  axial  ones  iv"2=  0  7u"j)' 

The  computations  were  performed  by  using  the 
particulate  stress  transport  model,  the  analytical 
expressions  obtained  in  the  frame  of  the  Tchen's  theory 
(22)  to  (''4),  as  well  as  a  consistent  particle  kinetic 
energy  ranspori  model  based  on  the  eddy-viscosity 
assumr.ion  There  is  no  adjustment  of  the  parameters 
used  1 1  the  equation  set.  coefficients  arc  given  either  by 
the  kii  eiic  theory  of  gases  (Grad.  1949)  or  by  standard 
fluid  turbulence  moment  closure  (Launder  et  ai .  1975) 
Finally,  as  the  interaction  with  the  fluid  turbulence  has 
a  prominent  influence  on  the  radial  particle  fluctuatmi; 
motion,  the  eddy-particle  interaction  time  1$  computed 
using  the  orthogonal  expression  (15)  with  respect  to  the 
mean  relative  velocity  direction 
The  rumerical  predictions  with  the  kinetic  stress 
(ranspori  model  are  in  a  very  good  agreement  with  the 
experimental  data  for  the  gas  and  particle  mean  axial 
velocity  distributions  (figures  1  and  2)  at  downstream 
location  x/DIn20  (velocity  profiles  are  normalized  by  the 
corresponding  single  phase  centerline  value  Uo.c)-  Fluid 
turbulent  quantities  such  as  kinetic  energy  (figures  3 
and  4)  and  Reynolds  shear  stress  (figure  7)  are  correctly 
reduced  from  their  one-phase  jet  levels  by  the  presence 
of  the  particles  (turbulent  quantities  are  normalized  by 
the  square  of  the  predicted  gas  centerline  velocity  U|.«) 
Concurrently,  (he  kinetic  stress  transport  model 
accounts  for  (he  high  anisotropy  of  the  particle 
fluctuating  motion  as  observed  in  (he  available 
experimental  data  (figures  5  and  6)  As  might  be 
expected,  the  anisotropy  stands  higher  for  the  panicle 
kinetic  stress  tensor  than  for  the  fluid  one.  because  the 
redistribution  among  the  various  components  by 
interparticie  collision  is  quite  ineffective  (due  to  the  low 
particle  concentration)  in  comparison  with  (he  one 
induced  by  the  pressure-strain  correlation 

The  surprising  thing  is  that  the  closure  assumptions 
assuming  a  local  shaking  of  particles  by  the  gas 
turbulence  lead  to  limited  discrepancies  for  the  gas  and 
particle  mean  axial  velocity  distributions  and  for  the 
fluid  turbulent  characteristics,  even  when  the  model 
leads  to  underpredici  the  kinetic  energy  of  the 
particulate  fluctuating  motion  (figures  3  and  4).  As  a 
matter  of  fact,  detailed  analysis  of  (he  numerical  results 
show  that  the  discrepancy  1$  due  essentially  to  the 
underprediction  of  the  axial  velocity  fluctuations 
(figures  5  and  6)  mainly  controlled  by  the  mean  particle 
velocity  gradient  production  but  which  are  ineffective 
in  these  particular  flow  configuration  Whereas,  the 
particle  radial  velocity  fluctuations,  which  play  the 
dominant  pari  in  the  particle  disper,.tor.  mechanism,  are 
controlled  by  the  momentum  transfer  from  the  gas 
phase  turbulence  and  are  predicted  with  a  reasonable 
accuracy  in  the  frame  of  Tchen's  theory. 

This  result  must  be  related  to  the  predictions  of  the 
fluid-particle  velocity  correlation  tensor  by  using  local 


particle  shaking  assumption  (23).  wh.ch  arc  almost 
equal  to  the  predictions  using  a  separate  transport 
equation.  So.  algebraic  stress  model,  accounting  for  the 
anisotropy  of  the  fluid  turbulence  viewed  by  the 
particles  (partially  due  to  the  crossing-trajcctoncs 
effects)  would  be  usefully  used  in  place  of  the  eddy- 
viscosity  assumption  ilS)  and  the'  covariance  transport 
equation,.  which  arc  the  mjrc  questionable 
approximations  of  the  model 

Figures  I  to  8  show  some  large  discrcpcncics  in  the 
predictions  by  using  the  kinetic  energy  transport  model, 
due  to  the  particle  dispersion  overvaluation.  As  a  matter 
of  fact,  in  the  iwo-fluid  formalism,  the  dominant 
contribution  to  heavy  particle  dispersion  in  turbulent 
jets  IS  issuing  from  the  kinetic  stress  contribution  in  the 
momentum  equation,  as  proportional  to  the  mean  square 
of  the  radial  velocity  fluctuations  And.  the  kinetic 
energy  transport  model,  which  accounts  for  the 
production  by  the  particle  velocity  gradient  leaning  on 
the  cddy-viscosjty  assumption,  leads  to  ovcrpredict  the 
redial  velocity  fluctuations  (figures  5  and  6)  in  spite  of  a 
good  level  for  the  turbulent  kinetic  energy  (figures  3 
and  4).  On  the  other  hand,  the  local  shaking  assumption 
which  does  not  account  for  the  initial  conditions  on  the 
velocity  fluctuations  leads  to  undcrpredict  the  effective 
dispersion  close  to  the  injection  zone  This  analysis  is 
confirmed  by  the  comparisons  between  predicted  and 
measured  particle  mass  flux  distributions  (figures  8).  \s 
the  initial  conditions  on  the  radial  velocity  fluciualions 
are  probably  not  the  exact  experimental  ones,  further 

comparisons  have  to  be  made  with  measurements 

including  a  more  complete  description  of  the  injection 
conditions 

Gas-particle  swirling  flow  (lest  case  3) 

In  order  to  test  the  proposed  closure  assumptions  and 
the  numerical  method  in  a  complex  flow  configuration, 
compulations  were  performed  for  a  coaxial  swirling 
confined  flow  with  a  central  nonswirling  particle-laden 
jet  The  predictions,  with  the  particulate  stress  transport 
model,  were  compared  with  experimental  data  obtained 

by  using  a  phase-DoppIer  system,  which  allows  the 
simultaneous  measurement  of  particle  size  and  velocity 
(Sommerfeld  and  Qiu,  1991)  The  test  section  consist  of  a 
1  Sm  long  tube  with  an  inner  diameter  of  194mm,  and 
measurements  have  been  performed  at  several  cross 
sections  in  the  test  section,  including  the  mlci,  for  a 

swirl  number  of  0  47.  by  using  glass  beads  with  a  mean 
diameter  of  45um  distributed  between  20  and  80|im 
Figures  9  to  14  show  some  numerical  results  for  three 

characteristic  particle  diameters  ds?Q,  45  and  60|im,  and 
the  predictions  arc  compared  with  the  corresponding 

experimental  data  at  location  x»  155mm  downstream  the 

injection,  across  the  central  recirculating  region 

Unfortunately,  the  fluid  flow  prediction  1$  not 
accurate  enough  to  allow  quantitative  analysis  of  the 

particulate  results  As  a  matter  of  fact,  the  rate  with  wich 
the  vortex  loses  its  energy  iv  overestimated  by  using  - 
c  model  and  the  fluid  prediction  suffered  from 
subsiancial  deficiency  in  the  tangential  momentum 
(figure  13)  and  the  maximum  reverse  flow  velocity 
(figure  9).  We  can  notice  that,  due  to  the  low  particle 
concentration  level,  the  panicle  influence  on  gas 

turbulence  is  quite  negligible  for  this  configuration 
However,  the  particle  velocity  prediction  accounts  for 
typical  phenomenon  according  to  the  experimental 
observation  Thus,  the  particles  have  much  higher  mean 
axial  velocity  than  the  air  flow  in  the  core  of  the  lest 
section  (figuic  9)  and  so  penetrate  the  central  reverse 

flow  region.  Due  to  their  higher  inertia,  the  larger 
particles  have  the  higher  velocity  and  some  of  the 

largest  are  able  to  cross  the  recirculating  region.  The 
radial  and  tangential  turbulent  velocity  fluctuations  of 
the  particles  arc  lower  than  the  fluid  fluctuations,  and 
the  smallest  particles  exhibit  the  highest  fluctuations 
(figures  12  and  14)  On  the  other  hand,  the  axial  velocity 
fluctuations  of  the  largest  particles  may  become  higher 
than  the  fluid  ones  (figure  10)  Thus,  the  measured 

velocity  fluctuations  of  the  particles  arc  not  only  a  result 
of  the  inlet  conditions  and  the  interaction  with  the  fluid 
turbulence  alone,  but  also  exhibit  the  mean  gradient 
velocity  production 


Fig  1  Mean  axial  velocity  profiles  (case  I) 


Fig  3  Turbulent  kinetic  energy  profiles  (case  1) 


Fig  2  Mean  axial  velocity  profiles  (case  2) 


Pig  4  .  Turbulent  kinetic  energy  profiles  (case  2) 


Fig  7  Reynolds  shear  stress  profiles  fraw  I) 


Pig  S  Mean  axial  p«iUv!c  itiasb  .lux  (case  2) 


Figures  1-8  Comparison  between  numerical  predictions  and  experimental  results  at  x/DIas20, 

-  particulate  stress  transport  model,  local  particle  shaking  by  fluid  turbulence, 

particle  kinetic  energy  transport  model  ,<  o  ,  •  and  •  experimenul  results  (Modarress  et  al,  1984) 
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r  m  s  radial  velocity,  /  U 


fig  9  Mean  axial  \clocuy  profiles  (case  3) 


Fig  to  ft  ms  axial  velocity  profiles  (case  3) 


Fig  1 1  Mean  ra<Jial  velocity  profiles  (case  3) 
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Fig  13  Mean  tangential  velocity  protiles  (case  3} 


Fig  14  Rms  tangential  velocity,  profiles  (case  3) 


Figures  9-14  Comparison  between  numerical  predictions  and  cxpenmcnial  results  m  a  gas-panicle 

swirling  flow  at  x»  155mm  particle  diameter  d»  30pm  ,  d«  45pm  - .  and  d*  60pm  ■  , 

o  and  ■  experimental  results  for  gas  and  particles  respectively  (Sommerfeid  and  Qiu,  1991), 
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ABSTRACT 

Exparlmental  rtsults  ara  prasantad  which  damonatrata 
naar-wall  flow  bahavlor  lor  fully-davaiopad  How  In  a  aquaia 
duct  Tha  raaulta  inciuda  axial  maan  valocity,  aacondary 
How  valocily,  Raynolda  ttraia,  and  local  wall  ahaar  atiaaa 
distributiona  Tha  data  ara  analyiad  in  ordar  tc  davalop  wall 
lunctiona  for  tha  turbulanca  kinatic  anargy  and  ita 
dissipation  rats  which  ara  approprlata  lor  non-circular  duct 
flows  Comparisons  with  axparimant  show  that  tha  propoaad 
modal  Is  suparior  to  previously  proposed  wall  function 
models 

INTRODUCTION 

Fravloua  axparimanlal  work  on  davaloping  and  lully- 
devalopad  turbulani  How  In  a  square  duct  with  amooth  walls 
has  focused  primarily  on  tha  msaauramant  ol  How  variables 
In  a  quadrant  of  tha  How  (Brundratt  and  Balnea,  1964, 
Ahmad,  1971,- Mailing  and  Whitalaw,  1976,  Gaunar  at  al , 
1979).  In  more  recant  work,  tha  nature  of  lully-davalopad 
turbulani  How  In  a  square  duct  with  ona  or  more  roughened 
walls  has  also  bean  axamlnad  (Fullta  atai„  1969,  Yokosawa 
at  al ,  1969)  In  all  ol  these  studies  tha  emphasis  has  been 
on  global  maasuramants  In  ordar  to  davalop  a  basic 
understanding  of  tha  How,  as  Inlluancad  by  corner  generated 
secondary  Hows  and  wall  roughness  ellacis  By  contrast, 
the  present  study  focuses  on  maan  velocity  and  Reynolds 
stress  maasuramants  in  tha  naar-wall  region  ol  a  square 
duct  Tha  Intent  ol  this  paper  is  not  only  to  present  data 
which  can  assist  In  tha  development  ol  turbulence  models 
applicable  to  straamwisa  corner  flows,  but  also  to 
damonatrata  that  previously  applied  wall  functions  must  be 
reformulated  If  predictive  capabilities  ara  to  be  Improved 

The  discrepancies  between  predictions  and  experiment 
can  be  Illustrated  by  referring  to  results  based  on  tha  k-e 
transport  equations  models  proposed  by  Rodi  at  al.  (1962) 
and  Nakayama  at  al  (1982)  Their  models  undarprsdict 
secondary  How  along  tha  corner  bisector  of  a  square  duct,  so 
that  U  and  k  contours  In  the  duct  cross  section  do  not 
penetrate  as  deeply  Into  the  corner  region  as  their 
experimental  counterparts  During  the  Intervening  period 
between  1982  and  the  present  time,  there  has  been  very 
little  Improvement  In  the  ability  of  codas  to  predict  the 
maan  velocity  and  Reynolds  stress  fields  simultaneously  in 
square  duct  Hows  Uf^ated  versions  ol  results  presented  at 
the  1980-61  Stanford  Conference  still  reflect  the 
shortcomings  noted  above  (Nakayama  el  al .  1983,  Oemuren 
and  RodI,  1984).  Results  based  on  recently  developed  non¬ 
linear  versions  ol  the  k-e  and  k-i  models  (Hur  et  al.  1990. 
Bishnoi,  1990)  and  a  non-linear  algebraic  Reynolds  stress 
model  (Barton  et  al .  1991)  also  show  less-than-complets 
agreement  with  experiment,  which  demonstrates  that 
further  work  on  model  devsiopmeni  is  still  needed. 

EXPERIMENTAL  PROGRAM 

The  overall  How  facility  used  lor  the  present  series  of 
expe''merts  is  shown  in  Fig  1  The  results  aro  based  on 
data  taken  at  a  location  where  the  How  Is  nominally  fully 
developed,  namely  at  x/D  •  84  where  D  is  the  duct  width 
Three  operating  Reynolds  numbers  were  employed'  250,000, 
120.000,  and  50,000  (Re  •  UeO/v  where  Ut,  is  the  axial  bulk 
velocily).  In  the  present  paper  the  emphasis  will  be  on 
resulls  obtained  near  the  wall  y  -  0.  specifically  within  the 


Fig  1  Schematic  diagram  of  overall  How  facility 


Fig  2  Measurement  region  relative  to  a  duct  quadrant 


trapezoidal-shaped  measurement  region  shown  in  Fiq  2  In 
order  to  base  Reynolds  stress  results  In  the  corner  region  on 
more  data,  additional  data  were  taken  in  the  triangular¬ 
shaped  region  Immediately  to  the  left  of  the  corner  bisector 
(CB).  These  results  were  then  Imaged  about  the  CB  In  order 
to  calculate  representative  (average)  values  lor  the 
Individual  stress  components  Axial  mean  velocity 
distributions  were  measured  by  means  ol  a  flattened 
boundary  layer  probe.  Secondary  How  profiles  were 
measured  by  using  a  rotatable  normal-wire  probe  In 
conjunction  with  a  Wheatstone  bridge  and  nulling  technique 
Local  wall  shear  stresa  values  were  determined  by  making 
measurements  with  three  different  diameter  Preston  tubes 
The  six  Reynolds  stress  components  were  obtained  by 
making  measurements  with  normal  and  rotatable  slant-wire 
probes  connected  sequentially  to  a  constant  temperature 
hot-wire  anemometer.  Details  ol  the  probe  configurations, 
calibration  techniques,  and  data  reduction  procedures  are 
given  In  two  theses  which  form  tha  basis  ol  the  present 
paper  (Lund.  1977,  Eppich,  1982) 


RESULTS  AND  DISCUSSION 

Axld  mtan  valociiy  conlouri  maaiured  in  tha  ntar 
corner  rtglon  at  Re  •  250,000  are  anown  In  Fig  3,  conlours 
meaaureO  at  the  other  two  Raynolda  numbera  (120.000  and 
50,000)  are  qualitatively  aimllar  In  appearance  The 
correaponding  aacondary  How  proHlaa  meaaured  In  the  aama 
region  are  ahown  m  Fig  4  (W  component  only)  A  compariaon 
of  the  two  llgurea  ahowa  that  the  axial  mean  velocity 
contoura  are  relatively  unatlacted  by  the  preaenca  ol  the 
secondary  How,  which  la  In  contrast  to  its  Known  distorting 
inlluence  in  a  lull  quadrant  ol  the  How  (cl  Fig  7  in  Mailing 
and  Whitelaw,  1976  or  Fig.  3  In  Qessner  et  al .  1979) 
Although  the  strength  ol  the  secondary  How  Is  maximum 
near  the  wall  y  -  0  (reler  to  Fig  4),  axiat  mean  veloaty 
contoura  In  this  region  remain  essentially  parallel  to  the 
wall,  except  in  tha  Immediate  vicinity  ol  the  corner 
bisector  Figure  5  shows  that  the  local  wall  shear  stress 
In  the  Interval  ol  Interest  (0  s  z/a  s  0.1)  decays 
monotonically  as  tha  corner  is  approached. 


Fig  3  Axial  mean  velocity  contours  at  Re  -  250,000 


Fig  4  Secondary  How  component  (W)  prollles  at 
Re  -  250,000 


Fig  5  Local  wall  shear  stress  distributions  al 
Re  •  250,000 


the  interval  0  01  s  z/a  s  0.1  are  truncated  on  the  CB.  and 
prollles  beyond  z/a  •  0  1  are  terminated  at  ymix  -  0  la  The 
results  In  Fig  6  show  that  local  law-ol-lhe-wall  behavior 
applies  In  the  near-wall  region,  even  In  the  presence  ol  a 
secondary  How  which  Is  superimposed  on  the  axial  mean 
How.  These  results  complement  those  previously  obtained 
by  Leutheusser  (1963),  whose  results  exhibit  mors  scatter 
than  the  prollles  shown  In  Fig  e  and  do  not  extend  to  the 
Immediate  vicinity  cl  the  corner  In  addition  to  the  results 
shown  In  Figs  3-6.  tabulated  data  are  available  In  the  "'.esls 
by  Eppich  (1982)  lor  the  six  Reynolds  stress  components  at 
selected  points  within  the  measurement  region  shown  In  Fig 
2  Corresponding  axial  mean  velocity  values  are  tabulated  In 
tha  thesis  by  Lund  (1977)  lor  the  three  operating  Reynolds 
numbers  ol  this  study  The  remainder  ol  this  paper  will 
locus  on  analyzing  these  results  Horn  the  point  ol  view  ol 
wall  lunctlon  speclllcatlon  lor  turbulent  corner  llowa 

It  should  lirst  be  noted  that  the  near-wall  How 
appears  to  be  In  local  equilibrium.  Inasmuch  as  the  law-ol- 
the-wall  applies  in  this  region.  II  secondary  mean  strain 
rate  terms  are  deleted  In  the  Reynolds  stress  transport 
equations,  then  Gessner  and  Emery  (1976)  have  shown  that 
the  lollowing  expressions  apply  lor  turbulent  corner  Hows 
m  local  eculllbrlum,.  namely 
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The  nature  ol  the  results  ahown  In  Figs.  3-5  Implies 
that  the  two-dimensional  lorm  ol  the  law-gf-ihe-wall  may 
apply  approximately  In  the  near-wall  region.  In  order  to 
investigate  this  possibility,  law-ol-the-wall  velocity 
prollles  were  plotted  at  diirerant  spanwise  locations,  as 
shown  in  Fig.  6,  where  U*  -  U/U„  y*  •  yU,/v.  k  •  von 
Karman’s  constant  (specilied  as  0.40  In  this  study),  and  U,  Is 
the  local  Irictlon  velocity  calculated  Irom  the  line 
distributions  shown  in  Fig  5  (U,  -  VVp).  Prollles  within 


when,  uv  and  uw  are  Reynolds  shear  stress  componsris, 
dU/8y  and  dUldz  are  primary  mean  strain  rate  components,  k 
IS  the  turbulence  kinetic  energy,  e  Is  the  dissipation  rats,  ip 
Is  PrandtI's  mixing  length,  and  c^  Is  an  empirical  constant 
(specilied  as  0.09  in  this  study).  Equation  (3)  can  be  written 
In  alternate  lorm  as 

_ z  _ 2 

K  1  ( uv  +  uw  )''^ 

u? '  u,* 
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Fig  6  Law-of-the-wall  velocity  profiles  at 
Re  -  250,000 


which  implies  that  the  reduced  form  of  this  expression 
commonty  applied  ^as  a  i^  function  In  two-dimsnslonal 
flows,  namely  k,U,  -  1/V  Cn,  is  applicable  to  streamwlse 
corner  flows  only  If  (uv®  +  uw*)''*/U,  -  10  throughout 
the  neir-wall  region  Figure  7  shows  that  this  condition  is 
satisfied  on  the  wall  bisector  where  uw  la  Identically  zero 
On  tn,/  corner  bisector,  however,  where  uw  -  uv  on  the 
basis  of  symmetry  considerations,  (uv*  +  uw*)''*/u{  a 
0  7,  at  least  beyond  the  Immediate  vicinity  of  the  corner 
where  low  turbulence  Reynolds  number  effects  Influence  the 
results  This  Reynolds  number  (Rsi  •  k*/(sv))  was  evaluated 
by  equating  t  to  the  turbulence  kinetic  energy  production 
rate,  P,  oorresponding  to  the  right-hand  aide  of  Eq  (4).  From 
the  results  shown  In  Fig.  7  It  can  be  concluded  that  the  two- 
dimensional  form  of  the  wall  function  for  k  Is  inappropriate 
for  turbulent  corner  flows 
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Fig  7  Resultant  Reynolds  shear  stress  distributions 


As  an  alternative,  Demuren  and  Rodi  (1984)  have 
proposed  the  following  wall  functions  for  corner  flows  in 
local  equilibrium,  namely 


k  1  c  z 


m 


and 


£L 


(8) 


where,  for  the  measurement  region  defined  in  Fig  2, 


Fp 


(pu/az)* 

*(au/ay)* 


(9) 


' —  2 

Equations  (7)  and  (6)  were  derived  by  assuming  that  -  uv  /U, 
>  1  0  in  the  near-wall  region  and  by  noting  that  au/ay  - 
U,/(Ky)  from  the  law-ol-the-wall.  In  order  to  investigate 
the  validity  ol  Eqs  (7)  and  (8),  k/uj,  ey/uj,  and  -uv/uf 
values  were  evaluated  on  grid  lines  y  -  constant  within  the 
measurement  region  shown  In  Fig  2  from  data  taken  by 
Eppich  (1982)  The  results  are  shown  in  Figs  8-10 
Superimposed  on  these  figures  are  the  values  ol  these 
parameters  corresponding  to  the  Demuren-Rodl  (D-R)  wall 
function  model  In  reference  tg  Fig  8,  It  can  be  seen  that 
experimental  values  ol  -uv/U,  are  near  unity  on  the  wall 
bisector  (WB),  but  then  decrease  to  approximately  0  5  on  the 
corner  bisector  (CB).  A  similar  ^rand  exists  lor 
experlmantally  measursd  values  ol  k/U,,  which  decrease 
along  each  grid  line  as  the  corner  Is  approached  (refer  to  Fig 
9)  This  bahavlor^ls  not  simulated  by  the  D-R  mq_del,  which 
predicts  that  k/U,  should  Incrsats  by  a  lactor  V2  between 
the  WB  where  Fp  >  1  and  the  CB  where  Fp  •  2  when  Cp  is 
prescribed  as  a  constant  (rater  to  Eq.  a))  The  D-R  wall 
function  modal  also  overestimates  ey/U,  on  grid  lines  y  > 
constant,  as  la  evident  from  Fig  io,  where  experimental 
values  cluster  about  2.5  (1/x  with  k  -  0  40),  but  vali’ds 
referred  to  the  D-R  model  Increase  from  2  5  on  the  WB  to  5  0 
(2rK)  on  ins  CB  (refer  to  Eq.  8) 
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Fig  8  Reynolds  shear  stress  distributions 


Pig  9  Turbulence  kinetic  energy  distributions 


Fig  10  Dissipation  rate  distributions  (e  >  P) 


Before  discussing  alternative  wall  functions, 
comparisons  will  be  made  with  the  results  of  other 
investigators  In  order  to  demonstrate  that  the  trends  seen  in 
Figs  8  and  9  have  been  observe^  by^  other  iri^estigators 
Figure  11  shows  distributions  of  -uv/U,  and  K/U.^  measured 
by  Po  (1975),  Lund  (1977),  and  Eppich  (1962)  in  the  same 
flow  facility  (Fig  1)  at  x/0  «  64  and  Re  •  250,000  The 
results  of  all  three  investigators  are  in  close  agreement  and 
confirm^the  trendy  seen  in  Figs  8  and  9  Figure  12  compares 
-uv/Uf  and  k/U,  distributions  measured  by  Eppich  (1982) 
with  Simitar  distributions  based  on  data  obtained  by 
Yokosawa  et  al  (1989)  in  a  square  duct  at  approximately  the 
same  streamwise  location  (x/D  •  90)  for  an  intermediate 
Reynolds  number  (65,000)  Also  shown  in  this  figure  are 
distributions  based  on  Ahmed's  (1971)  square  duct  flow  data 
at  approximately  the  same  Reynolds  numbers  as  those  of 
Eppich's  study  Ahmed's  data  were  taken  at  a  streamwise 
location  where  the  flow  was  not  yet  fully  developed, 
although  the  boundary  layers  on  opposite  walls  of  the  duct 
had  already  merged  (x/D  •  26  5).  In  general,  the^^esu^s  of 
alt  ^ree  studies  show  the  same  trends,  namely  >uv/U,  and 
K/Uf  values  which  decrease  as  the  CB  is  approached  The 
slight  differences  between  Eppich's  results  and  those  of 
Yokosawa  et  a>  may  be  due.  m  part,  to  the  different  flow 
systems  used  in  these  two  studies  Whereas  Eppich's  data 
were  taken  on  the  suction  side  of  a  centrifugal  fan  at  a 
streamwise  location  where  the  duct  was  continuous  (refer 
to  Fig  1),  the  data  of  Yokosawa  et  al.  were  obtained  near 
tt.e  open  end  of  a  square  duct  which  was  fed  by  a  blower 
upstream  and  discharged  into  the  atmosphere 


Fig  11  Reynolds  shear  stress  and  turbulence  kinetic 
energy  distributions  (based  on  data  obtained  m 
flow  facility  shown  in  Fig  1) 


Some  insight  into  the  validity  of  Eq  (6)  for  modeling 
near-waif  behavior  can  be  gleaned  by  Interpreting  the 
results  shown  in  Fig  11  and  12  relative  to  a  reduced  form  of 
this  equation  which  applies  along  the  wall  bisector  of  a 
square  duct  where  uw  •>  0,  namely 


(10) 
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Fig  12  Reynolds  shear  stress  and  turbulence  kinetic 
energy  distributidns  {based  on  data  obtained  in 
dillerent  flow  lacililies) 


Equation  (10)  is  based  on  the  premise  that  secondary  mean 
strain  rates  (e  g .  OV/Oy  and  aW/Oz)  are  negligible  in 
comparison  to  the  primary  mean  strain  rate  qn_t'’^ 
{au/|y)  It  this  Is  so,  then  measured  values  o(  -uv/U,  and 
k/U,  on  the  WB  shoujd  be  compatible  with  Eq  (iffl  to  the 
e.leni  that  if  -  uv/U,  -  1.0  on  the  WB,  then  k/uf  should 
equal  l/VejT on  this  traverse  In  reference  to  Fig.  11,.  k/U, 
values  onjhe  ^WB  lie  consistently  above  the  line  even 
though -uv/U,  a  1.0  on  this  traverse.  Similar  behavior  can 
be  seen  m  Fjp  12  with  respect  to  Yokosawa  et  al.'s  results 
Whereas  k/ufa  l/'^c^  on  the  WB,  -uv/U,  a  0.8  on  this 
traverse,  which  again  Indicates  that  Eq  (10)  Is  not  satisfied 
Identically  on  the  WB  These  observations  Imply  tnat  Eq  (6) 
IS  not  adequate  for  modeling  near-wall  flow  behavior,  and 
that  this  equation  must  be  modified  to  account  for  secondary 
mean  strain  rats  effects  This  would  be  a  formidable  task, 
however,  so  that  in  this  paper  only  an  approklmate  analysis 
based  on  primary  mean  strain  rales  alone  will  be  pursued  in 
order  to  develop  an  Improved  wall  function  model  In 
comparison  to  the  one  proposed  by  Demuren  and  Rodi  (1984) 


The  develcpment  begins  by  considering  the  expressions 
lor  uv  and  uw  derived  by  Gessner  and  Emery  (1976),  which 
are  based  on  Eqs.  (1)  -  (S)  referenced  In  this  paper,  namely 


If  the  expression  for  Fp  given  by  Eq.  (9)  Is  introduced  into  Eq 
(11)  and  3U/9y  Is  replaced  by  U,/(Ky)  from  the  law-of-the- 
wall.  then  Eq(ll)  can  be  written  in  alternate  form  ar 

U,2'"(xy)2 


A  similar  approach  can  taken  to  develop  a  corresponding 
expression  for  uw/U,  from  Eq  (12)  If  these  two 
expressions  are  substituted  into  Eqs  (3)  and  (4),  then  the 
following  wall  function  forms  for  K  and  e  apply,  namely 


1  ^ 

z'  - 
a.  l_Lc* 

^3*x(xy)2'^P 


(14) 


(15) 


A  comparison  ol^  Eqs.  (I4)jand  (15)  with  Eqs  (7)  and  (8) 
shows  that  k/U,  and  ry/U,  now^^^epend  on  Fp  and  Fp  . 
respectively,  rather  than  Fp  and  Fp  respectively,  as  in  the 
D'R  model  In  order  to  utilize  Eqs  (13)  ■  (15),  it  is 
necessary  to  specify  a  functional  form  tor  PrandtI's  length 
scale,  ,tp  For  fully-developed  flow  in  a  square  duct  at  high 
Reynolds  numbers,  this  can  be  done  by  means  of  an 
expression  based  on  Buleev's  (1963)  length  scale,  as 
referenced  by  Gessner  and  Emery  (1977),  namely 


where  y,  -  2a  -  y  and  z,  -  2a  -  z.  and  all  lour  walls  inlluencc 
length  scale  behavior  at  a  given  point  in  the  flow  If  the 
flow  develops  from  an  initially  uniform  axial  mean  flow  at 
the  duct  inlet,  then  lengtn-scale  behavior  in  the  near  inlet 
region  can  be  modeled  as  that  lor  an  unbounded  corner  lor 
which  y,  -s  ••  and  z,  »  Under  these  conditions,  only  the 
two  walls  which  bound  a  corner  Inlluence  length  scale 
behavior  in  the  corner  boundary  layer,,  and  Eq  (16)  reduces 
to 


■  y  +  z  ♦  (y®  ♦  I*)’'* 

Equations  (16)  and  (17)  were  utilized  in  conjunction  with 
EqSj  (13)  -  (1^)  to  plot  the  modeled  behavior  of  -  uv/U,, 
k/U,,  and  ey/U,  along  the  wall  and  corner  bisectors  of  a 
square  duct  lor  comparison  with  Eppich’s  (1982) 
experimental  results  The  results  are  shown  In  Figs  13  - 
15,  which  also  Include  line  distributions  based  on  the  D-R 
wall  function  model  In  general,  the  wall  function 
expressions  given  by  Eqs  (13)  -  (IS),  In  conjunction  with 
either  Eq  (16)  or  Eq.  (17),  lead  to  dIstribuPons  which  agree 
well  with  experimental  values  measured  on  both  the  wall 
and  corner  bisectors  of  the  duct  Distributions  referred  to 
the  two-wall  length  scale  model  are,  in  fact.  In  better 
agreement  with  experiment  than  distributions  referred  to 
the  four-wall  length  scale  model,  which  indicates  that  the 
former  model  may  also  be  applied  when  the  flow  Is  fully 
developed  Distributions  referred  to  the  D-R  wall  function 
model  are  in  good  agreement  with  expehmsnt  on  the  WB,  but 
seriously  overestimate  local^values  on  the  CB  In  reference 
to  Fig  14,  lor  example,  k/U,  based  on  th^  D-R  model  Is  4  7 
on  the  CB.  but  experimental  values  of  k/U,  are  much  closer 
to  3.0.  Thus,  k  values  on  the  CB  are  maintained  at 
artificially  high  levels  when  the  D-R  wall  function  model  is 
employed  This  behavior  may  account.  In  part,  for  the 
inablllly  of  predicted  k  contours,  as  calculated  by  Rodi  at  al 
(1982)  to  penetrate  as  deeply  into  the  corner  region  as  their 
experimental  counterparts 

COTfCUIDMG  REMARKS 

Turbulence  and  mean  flow  meaaurements  have  been 
made  In  the  near-wall  region  of  a  square  duct  for  fully 
developed  flow  conditions.  Analysis  of  the  results  has  led 
to  the  development  of  an  Improved  wall  function  model  This 
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Fig  13  Comparison  of  wall  function  distributions  with 
measured  Reynolds  shear  stress  distribut.cr:c 


y/o  or  y'/o' 

Fig  14  Comparison  of  wall  function  distributions  with 
measured  turbulence  Kinetic  energy 
distributions 


y/o  Of  yVo' 


Fig  15  Comparison  of  wall  function  distributions  with 
measured  dissipation  rate  distributions  (c  -  P) 


model  should  be  applicable  to  other  non-circular  duct 
configurations,  provided  that  Bulaev's  length-scale  is 
evaluated  from  the  linear  formula  originally  proposed  by 
Buleev  Further  work  will  be  required  to  develop  a  more 
representative  wall  function  model  which  includes 
secondary  mean  strain  rates  in  its  formulation  Thi| 
conclusion  is  based  on  the  observation  that  uv/u,  and  k/U, 
distributions  in  the  near-wall  region  appear  to  be  influenced 
by  the  convectmg  action  of  the  secondary  flow 
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ABSTRACT 

A  second-moment  closure,  which  was  previously  vahuAted 
m  various  two-dimensional  boundary  layers,  is  applied  to  three 
kinds  of  three-dimensional  boundary  layers.  The  turbulence 
model  faithfully  rep  '  ices  a  fully-developed  pressure-driven 
flow  a  skewed  velocity  profile  itself  does  not  cause  difficul¬ 
ties  in  prediction  For  a  shear-driven  flow  and  a  flow  on  a 
swept  wing,  the  predictions  show  hmitcd  success  It  is  also 
shown  that  the  decrease  in  the  structure  parameter  is  partially 
accounted  for  by  the  effect  of  “secondary”  velocity  gradient 
terms  in  the  stress  transport  equations 

NOMENCLATURE 

oi  ratio  of  shear  stress  magnitude  to  twice  turbulence 
energy 

Cj  skii.  friction  coefficient 
d  distance  from  wall 

/  angular  rate  of  rotation  of  free-stream  velocity  vector 
in  Case  1 

k  turbulence  energy 

n,  unit  vector  normal  to  wall 

Q  magnitude  of  velocity  vector 

magnitude  of  velocity  vector  at  boundary  layer  edge 

Rc  Reynolds  number  u.  Case  1  = 

U,  mean  velocity  vector 
u,  velocity  fluctuation  vector 
Vr  friction  velocity 

U,  V,  W  mean  velocity  components  in  i,  y,  z  directions 
(or  in  i,  j/,  z  directions  in  Case  1) 
u,  u'  velocity  fluctuation  components  in  x,  j/,  z 

directions  (or  in  z,  y,  z  directions  in  Case  1)’ 
u',  v\  w*  turbulence  intensities  in  x,  y,x  directions  m  Case  1 
z,  Cartesian  coordinates 

x'  distance  from  leading  edge  rr>easured  along  wind 

tunnel  axis  in  Case  3 

X,  z  surface  coordinates  in  and  normal  to  external 

streamline  direction  (In  Case  2,  x  is  measured  from 
the  location  where  the  flow  encounters  wall  motion  )' 
X,  z  surface  coordinates  in  and  normal  to  a  direction 

approximately  parallel  to  [but  strictly,  separated  by 
an  angle  of  20S/{Re^Cf)  from]  direction  of  wall 
shear  stress  in  Case  1 

y  normal  coordinate,  measured  from  wail 
K  angle  between  directiv^n  v^f  vcclut  and  that 

of  external  streamline 


angle  between  direction  of  velocity  gradient  vector 
and  that  of  external  streamline 
/?*.  angle  between  direction  of  wall  shear  stress  vector 
and  that  of  external  streamline 
Pr  angle  between  direction  of  shear  stress  vector  and 
that  of  external  streamline 
A  reference  length  in  Case  2  =  0  0254m 

6  boundary  layer  thickness 

€  dissipation  rate  of  turbulence  energy 

u  kinematic  viscosity 

Tj,  T,  total  shear  stress  components  in  i,  z  directions  in 
Case  i 

The  overbar  implies  averaging,  and  the  superscript  de¬ 
notes  nondimensionalizing  with  Ur,  u,  and  density 

INTRODUCTION 

The  prediction  of  three-dimensional  turbulent  boundary  lay¬ 
ers  IS  one  of  the  most  challenging  problems  in  turbulence 
modelling  Although  several  authors  (Rotta  1979  Brad¬ 
shaw  1987  ,  van  den  Berg  1982)  suggest  that  the  “standard” 
stress-redistribution  model  should  be  revised  to  reproduce 
such  flows,  predictions  at  the  second-moment  closure  level 
are  rather  scarce  Testing  of  turbulence  models  at  this  level 
in  a  variety  of  such  flows  is  clearly  needed  before  a  suffi¬ 
ciently  general  model  is  established  This  paper  presents  the 
results  of  testing  of  a  second-moment  closure  of  Launder  k 
Shima  (1989)  [with  some  model  functions  recasted  as  in  Shima 
(1989)1  in  three  kinds  of  three-dimensional  boundary  lajcrs 

TURBULENCE  MODEL 

The  turbulence  model  is  a  full  second-moment  closure  that 
IS  applied  right  up  to  a  wall  It  can  be  summarized  as  follows 

Stress  transport  model 

D  2 

— iMiJ  =  P,,  -  -S,j(  +  +  1^(3,., 

+  A-1).)  +'^(w2).;  -  ^  (1) 

^(1).,  =  -C,  ^  (3) 

I*;,),.  =  -C3(p,,  -  (41 
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3  3 

(5) 

(b) 

U  = 

(7) 

dlh 

P  -  -UkUi-;— 

Oil 

(8)' 

C,  =  1  +  2  58  447'*  [l  -exp{-  (0  0067H,  )'}] 

(8) 

C,  =  0  754*'= 

(10) 

C„,  =  -2C,/3+  1  67 

(11) 

C.j  =  max[2(C3  -  l)/3  +  0  5,  Oj/Cj 

(12) 

4  -=  1  -  943/8  +  943/8 

(13) 

4j  -  a,, a,, 

(14) 

43  =  a,,a,,ai, 

(15), 

a,j  =  UtUjJk  ~  2.5, 3/3 

(16) 

Hr  =  k^/u( 

(17) 

C,  =  0  22,  Cl  =  2  5 

(18) 

e  transport  modsl 

S  =  (C..  +  ^,+WiP-C.3f 

d  !  k _ d(  d(  "i 

dtk  i 

(19) 

(20) 

ii,  =  1  M{P/(-  1) 

(21) 

ip  =  0  35(1  -  0  34j)exp[-(0  002flT)''’] 

(22) 

C.i  =  1  45,  C,,  =  19,  C,  =  0  18 

(23) 

The  model  described  above  was  proposed  as  an  extension 
of  the  high-Reynolds-number  closure  of  Gibson  Sc  Launder 
(1978),  and  was  successfully  applied  to  a  wide  variety  of  two- 
dimensional  boundary  layers  (Launder  Sc  Shima  1989  ,  Shima 
1989)  In  three-dimensional  boundary  layers,  however,  its  sue 
cess  will  be  limited  because,  when  the  transport  terms  are 
negligibly  small,  the  model  gives  the  same  direction  to  the 
shear  stress  vector  and  the  velocity  gradient  vector  Our  aim 
in  the  present  study  is  to  show  the  capability  and  limitation 
of  a  second-moment  closure  of  this  type 

The  numerical  solutions  a:,  obtained  with  an  adapted  ver¬ 
sion  of  the  parabolic  solver  PASSABLE!  (Leschziner  1982) 
E'or  details  of  the  turbulence  model  and  the  solution  proce- 

durt',  see  Launder  Sc  Shirna  (1989)  and  Shima  (1989) 

TEST  CASES 

The  following  three-dimensional  turbulent  boundary  layers 
(3D-TBLs)  are  considered 

Case  1  3D-TBL  created  by  a  rotating  free-stream  velocity 
vector  [direct  numerical  simulation  by  Spalart  (1989)] 

Case  2  3D-TBL  formed  when  an  initially  two-dimensional 
boundary  layer  encounters  transverse  wall  iiiutiun  [expeiuiieut 
by  Lohmann  (1976)] 


Case  3  3D-TBL  on  an  infinite  swept  wing  [experiments  by 
van  den  Berg  Sc  Elsenaar  (1972)  and  by  Elsenaar  Sc  BoeUma 
(1974)] 

Cases  1  and  3  arc  pressure-driven,  while  Case  2  iv  shear- 
driven  Case  1  is  a  fully-developed  flow,  while  Cases  2  and  3 
are  developing  flows  These  rases  are  collcctivelv  expected  to 
cover  essential  features  of  JD-TBLs  Note  that  Cases  2  and  3 
have  been  employed  as  test  cases  by  man)  workers  ,  sec  e  g 
van  den  Berg  et  al  (1987) 

RESULTS 

In  Case  1.  the  velocity  profile  is  skewed  by  the  pressure  gra¬ 
dient  at  right  angles  to  the  free-stream  velocity  vector  which 
rotates  at  a  constant  angular  rate  When  the  flow  is  fully 
developed,  averaged  quantities  in  the  rotating  frame  depend 
only  on  the  distance  from  the  wall  F’t'U'-es  1  -  3  show  the 
mean  velocity  and  stress  profiles  in  a  cooruinatc  system  with 
the  x-axis  approximately  parallel  to  the  direction  of  the  wall 
shear  stress  ,  see  Nomenclature  for  details.  The  skewed  mean 
velocity  profile  is  faithfully  reproduced  by  the  model  (Fig  1) 
The  stress  profiles  are  also  reproduced  well,  though  some  dis¬ 
crepancies  are  evident  in  the  outer  layer  (Figs  2  and  3)  Mid¬ 
way  in  the  boundary  layer  w'  becomes  greater  than  u'  due 
to  the  skewing  (Fig  3)  ;>  this  feature  is  also  captured  by  the 
prediction  Overall,  the  agreement  between  the  direct  simu¬ 
lation  and  the  prediction  is  satisfactory  As  shown  in  Fig  -1. 
however,  in  this  case  the  shear  stresses  are  in  rather  close 

Re  =  767  axes 
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alignment  with  the  mean  shear  The  result  of  this  case  indi¬ 
cates  tiia»  the  present  model  well  reproduces  a  fully-de\elopcd 
3D-TBL  iR  which  the  lag  between  the  shear  stiess  direction 
and  the  velocity  gradient  direction  is  small 
Attention  is  turned  to  Case  2  Lohmann  (1976)  generated 
the  flow  field  on  a  cylinder  with  a  stationary  front  section  and 
a  rotating  aft  secMon  Since  the  effect  of  transverse  curva¬ 
ture  IS  not  entirely  negligible,  this  case  has  been  calculated  as 
an  axisymniotric  boundary  layer  using  cylindrical  coordinates 
The  results  are  shown  in  Figs  5  -  9  In  the  velocity  profile,  the 
propagation  rale  of  the  influence  of  the  wail  motion  is  some¬ 
what  underpredicted  (Fig  6)  The  flow  has  a  nearly  constant 
stress  layer  in  the  vicinity  of  the  wail  As  seen  from  Fig  7,  in 
the  layer,  the  prediction  produces  reasonable  levels  of  shear 
stress  components  parallel  to  the  wall  [the  data  values  being 
somewhat  loo  low  according  to  Lohmann  (1976)]  This  leads 
to  the  good  prediction  of  the  rnagnitu  le  and  direction  of  the 
wall  shear  stress  (Fig  5)  In  the  outer  layer,  the  experiment 
shows  a  rapid  growth  of  the  transverse  shear  stress  component 
(Fig  7)  and  the  resultant  lead  of  the  shear  stress  direction 
ahead  of  the  velocity  gradient  direition  fFig  9)  This  behav¬ 
ior  is  not  captured  by  the  model  The  redistribution  model 
should  be  modified  to  reproduce  the  large  difference  bet  «.en 
the  two  directions  For  other  stress  components,  uw  (Fig  7) 
and  normal  stresses  (Fig  8),  laige  discrepancies  arc  evident 
The  developing  process  of  these  stresses  m  the  experiment  is 
clearly  different  from  that  in  the  prediction  (though  the  pro¬ 
files  at  other  stations  are  not  shown  for  brevity)'  For  instance, 
the  maximum  in  the  measured  t/^  profile  is  still  increasing  at 


Kig  4  Dirertion  of  velocity  gradient  and  shear  stress  (Case  Ij 


xio'^ 

!□  Doto  Lotimonn 
-  Prediction 


ni-  .  I  , 

0  5  !0  15 


Jf/4 

Fig  5  Magnitude  and  direction  of  wail  shear  stress  (Case  2) 


Fig  6  Mean  velocity  (Cite  2) 
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the  station  (r/A  =  8),  while  the  predicted  ntaxitmiiii  almost 
attains  its  asymptotic  value 

Finally,  the  3I)-TBI,  on  a  swept  wing.  Case  3,  is  consid¬ 
ered  The  experiment  simulates  an  infinite  IV  swept  wing 
in  a  wind  tunnel  The  predictions  are  compared  with  the 
experimental  data  in  Figs  10  -  16,  where  the  distance  i'  is 
measured  along  the  tunnel  axis  Two  sets  of  velocity  varia¬ 
tions  at  the  boundary  layer  edge  (assuming  constant  pressure 
across  the  boundary  layer)  are  tested  “External  F'ow  A 
uses  measured  wall  pressures,  while  “External  Flow  B"  em¬ 
ploys  measured  flow  angles  at  the  edge  In  this  case,  partic¬ 
ular  attention  is  given  to  the  effect  of  approximation  of  the 
stress  production  and  rapid  redistribution  teriiis  “Model 
Approx  1",  as  in  usual  practice,  just  retains  the  terms  with 
dU/dy.dW/dy,  while  “Model  Approx  2"  further  retains  the 
terms  with  dU fdx,d\V/dz 

Figures  10  and  11  show  that  the  magnitude  and  direction 
of  the  wall  friction  in  downstream  regions  ate  too  sensitive 
to  the  external  flow  condition  to  draw  a  definite  conclusion 
on  the  model  performance  ,  the  sensitivity  has  been  pointed 
out  by  several  authors  (e  g  Cousteix  1982  ,  van  den  Berg 
et  al  1987)  In  Fig  12,  the  magnitude  of  mean  velocity  is 


faithfully  reproduced  by  the  model,  but  the  turn  angle  of  its 
direction  is  underpredictcd  (In  Figs  12  -  16,  only  the  results 
of  “External  Flow  B”  arc  presented  for  brevity,)  Figure  13 
shows  that  even  when  the  wall  friction  is  reproduced  fairly 
well,  the  inaxima  in  tin  shear  stresses  parallel  to  the  wall  are 
too  high  Perhaps  the  thtee-dimensionality  is  not  a  main  rea¬ 
son  for  this  discrepancy  since  such  a  result  is  also  obtained 


Data  van  den  Berg-Etsenoar 

Model  Approx  i  i  prearction 
Model  Approx  2 ' 


xio"^ 


I'lgS  Nornal  stresses  (Case  2) 


Fig  9  Direction  of  velocity  gradient  and  shear  stress  (Case  2) 


Fig  10  Skin  friction  coefficient  (Case  3) 


n  Doto  von  den  Berg-Elsenaor 


Fig  11  Direction  oi  wall  shear  stress  (Case  3) 
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in  two-(Jinipni>ional  bounda'y  layers  iii  Adverse  pressure  gia- 
(lionts  Our  nidin  finding  in  this  cate  is  that,  as  Figs  13  and 
M  indicate,  the  terms  with  “<econdar>”’  velocity  gradients 
considerably  augment  the  stress  components  «‘uliiig  on  the 
planes  normal  to  the  wall  u-'  u  -  and  wu7  This  effect  can 
readily  be  traced  to  the  exact  stress  production  terms  The 
production  of  those  stress  components  associated  with  the 
'secondary”'  velocity  gradients  is.  in  contrast  to  that  of  the 
stresses  acting  on  the  plane  parallel  to  the  wall,  by  no  means 
negligible,  due  to  rel?tivcly  large  magnitude  of  the  stresses 
tlieinselves  This  effect  partially  accounts  for  the  decrease  m 
the  shear-stress/energy  ratio,  though  quantit**}  vc  agreement 
IS  not  satisfactory  in  Fig  15  due  to  the  jverf  dieted  shear 
stresses  Potentially,  the  inclusion  of  the  “secondary”'  *crms 


Station 
4'  T 


Kig  13  Shear  stresses  (Cise  3  ,  Station  4'  i'  =  0  795m, 
Station  7'  ■  x'  -  I  095m) 


Stotion 
4  7 


Data  van  den  Berg-Eisenoor 
Model  Approx 
Model  Approx. 


Model  Approx  1  ,  _  ^  „ 
MnrtPl  Annrn*,  2  ■  ^t'ediCtion 


Fig  12  Magnitude  and  direction  of  mean  velocity  {Case  3  , 
Station  4  x'  =  0  820m,  Station  7  x'  =  1  120m) 
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Fig  14  Norma]  stresses  {Case  3) 


station 
4  T 

0  A  Data  Elsenoor-Boetsmo 

— »  -  Prediction 


ExternoL  Flow  B 


Fig  15  Ratio  of  shear  stress  magnitude  to  twice  turbulence 
energy  (Case  3) 


can  also  ir.’pro>e  the  shear  stres*  direction,  as  suggested  by 
Cousteix  (1  )82}  and  by  Coustcix  i:  Michel  (1987)  However, 
Fig  16  shows  that  tlie  terms  make  the  direction  even  closer  to 
the  \elocitv  gradient  direction  in  the  outer  layer 

CONCLUSIONS 

The  following  conclusions  can  be  drawn  from  the  results 

(1)  K  skewed  velocity  profile  itself  does  not  cause  difficul¬ 
ties  ir  prediction  ,  the  present  model  well  reproduces  a  fully- 
developed  flow 

(2)  Even  in  developing  flows,  the  model  gives  a  close  align¬ 
ment  of  the  shear  stresses  with  the  mean  shear,  but  it  does 
not  necessarily  lead  to  unacceptable  predictions  .  the  magni¬ 
tude  and  direction  of  wall  friction  in  a  shear-driven  flow  are 
well  reproduced  However,  the  pressure-strain  model  should 
be  modified  to  give  more  accurate  prediction  of  mean  veloc¬ 
ity  profiles  and  turbulence  structures  A  modification  whose 
effect  IS  limited  to  developing  flows  is  desirable 

(3)  The  decrease  in  the  ratio  of  shear  stress  magnitude  to 
turbulence  energy  is  partially  accounted  for  by  the  effect  of 
“secondary”  velocity  gradient  terms  in  the  stress  transport 
equations 
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ABSTRACT 

Budgets  of  turbulent  kinetic  energy  are  presented  m  the  vicinity  of  the 
stagnation  2one  created  by  the  impingement  of  a  turbulent  jet  on  a  flat 
plate  through  a  low-velocity  crossflow  The  analysis  is  based  on  laser- 
Doppler  measuremenis  of  the  time  resolved  velocity  field,  which  have 
been  earned  out  for  a  velocity  ratio  between  the  let  and  the  crossflow 
of  30,  for  a  Reynolds  number  based  on  the  jet  exit  conditions  of 
60  000  and  for  an  impinging  distance  of  5  let-diameters,  and  provide 
a  basis  for  better  understanding  of  several  related  but  more  complex 
practical  flow  fields  The  results  quantify  the  time-averaged  vortex 
structure  developed  in  this  type  of  flows,  as  well  as  (he  decrease  of 
the  Reynolds  stresses  in  the  region  of  strong  (stabilizing)  curvature, 
which  characterizes  the  impinging  zone,  followed  by  their  fast 
increase  before  finally  decreasing  The  nature  of  the  turbulent 
transport  of  Reynolds  stresses  is  analysed  and  the  related  implications 
(or  the  calculation  of  complex  turbulent  flows  is  diccussed 

NOMENCLATURE 

D  •*  Diameter  Of  let  nozzle 

H  •  Height  of  crossflow  channel  _  _ 

k  •  Turbulent  kinetic  energy,  k  s  3/4  (  u’^  +  v'^  ) 

Re  -  Reynolds  number  based  on  let  exit  conditions 
U  -  Honzontal  velocity  component,  U  »  U  -f  u* 

V  ♦:  Vertical  velocity  component.  V  a  V -fv* 

X  •  Honzontal  coordinate  (positive  m  the  direction  of  the 
crossflow} 

Y  •  Vertical  coordinate  (positive  in  the  direction  of  the  jet  flow.  i  e , 

downwards) 

Z  Transverse  coordinate  (zero  at  central  plane,  positive  m  the 
direction  towards  the  lateral  walls 
vj  -  Turbulent  viscosity 

Subscripts 
1  •  Jet-exit  value 

0  •  Crossflow  value 

1.  INTRODUCTION 

The  study  of  a  jet  in  crossflow  which  subsequently  undergoes 
impigement  on  a  ground  plane  provides  a  basis  for  understanding  the 
essential  dynamics  of  complex  practical  flow  fields,  such  as  those 


typical  of  impingement  cooling  in  engineering  applications  or  those 
beneath  V/STOL  aircrafts  hovenng  in  a  headwind  In  this  application 
the  (ift  jets  Interact  strongly  with  the  ground  plane  resulting  in  lift 
losses,  in  enhanced  entrainment  close  to  the  ground  (suckdown).  in 
engine  thmst  losses  following  re-mgestion  of  the  exhaust  gases  and 
in  possible  aerodynamic  instabilities  caused  by  fountain  impingement 
on  the  aircraft  underside  These  flows  contain  in  general  separated 
regions  bounded  by  a  turbulent  stream  and  include  shod  zones  of 
targe  ccurvature,  which  impose  mean  velocity  effects  on  the  turbulent 
field  As  a  result,  and  according  to  the  analysis  of  Castro  and  Bradshaw 
(1976),  there  are  zones  ot  the  flow  which  do  not  satisfy  (he 
requirements  ot  the  thm-shear-iayer  approximation  (e  g  Bradshaw, 
1973)  and  may  be  affected  by  extra  rates  ot  strain  Our  understanding 
of  these  phenomena  is  padicular  deficient  and  this  limits  the  extent  of 
fault  diagnosis  and  the  development  ot  calculation  methods  used  to 
simulate  and  predict  tiow  situations  with  practical  interest  These 
methods  should  include  a  turbulence  model,  which  must  reproduce 
the  effect  on  Reynolds  stresses  development  of  the  large 
deformation  rates  expected  to  occur  in  impingement  regions  To 
achieve  these  objectives  detailed  measurements  of  all  the  accessible 
terms  In  Reynolds  stress  transport  equations  should  be  obtained  and 
discussed  This  paper  i$  aimed  to  help  to  fulfil  these  requirements  and 
presents  a  detailed  analysis  of  an  impinging  jet  through  a  low-velocity 
crossflow  with  a  considerably  small  height 

Measurements  of  the  velocity  charactenstics  of  normal  impinging  tree 
jets  on  a  flat  surface  have  been  reported  tor  relatively  large 
impingement  heights,  and  normally  for  H/D>10,  using  either  probe 
and  optical  techniques  as  reviewed  for  example  by  Araujo  et  al  (1962) 
Qualitative  information  on  the  effect  of  the  impingement  height  in  a 
confined  flow  field  has  only  been  given  by  the  visualization  studies  of 
Sanpalli  (1983)  Experiments  on  the  aerodynamics  of  jets  through  a 
confined  crossflow  are  much  scarcer,  and  have  been  reported  not 
only  for  large  impingement  heights,  but  also  for  low  velocity  ratios 
between  the  jet  and  the  crossflow.  Vj/Uo  Sugiyama  and  Usami 
(1979),  Andreopoulos  and  Rodi  (1984)  and  Shayesteh  et  al  (1965) 
report  hot-wire  measurements  for  ratios  H/D  higher  than  24  and  for 
values  of  Vj/Uo  respectively  up  to  1  96,  2  and  16  Kamotani  and 
Greeber  (1972)  present  results  for  H/D*12  and  Stoy  and  Ben-Hain 
(1973)  give  pilot-tube  measurements  for  values  ot  H/D  of  3  05  and  for 
let-to-cross-flow  velocity  ratios  up  to  6  8  Only  Crabb,  OurSo  and 
Whiteiaw  (1961)  report  LOV  measurements,  including  those  of  the 


s^ear  stress,  but  (or  values  of  H/D*12  arxi  tor  velocity  ratios  up  to  2  3 

This  paper  is  one  o(  a  senes  on  turbulent  innpinging  leis  (e  g  Barala  et 
al,  1989,  Barata  et  al,  1991)  which  have  been  atmuJ  to  document  the 
effect  of  the  complicating  influences  summarized  in  the  paragraphs 
above  so  that  some  of  the  calculation  methods  which  have  proved 
satisfactory  tn  simple  shear  layers  can  be  extended  with  some 
confidence  to  complex  impinging  (lows  Laser  Doppler  measurements 
are  reported  for  a  let  Reynolds  number  of  Re  «  6  x  lO"*.  a  velocity  ratio 
between  the  let  and  the  crossflow  of  Vj/Uo  -  30  and  tor  the  jet  exit  5 
jet  diameters  above  the  ground  plate  The  results  include  mean  and 
turbulent  velocity  characteristics  along  the  horizontal  and  vertical 
directions,  and  respective  correlations,  in  a  plane  containing  the  jet 
nozzle  axis  and  aligned  with  the  crossflow  The  measurements  are 
used  to  estimate  the  convection  and  production  terms  in  the  transport 
equation  of  turbulent  kinetic  energy,  which  are  discussed  to  improve 
knowledge  of  the  nature  of  turbulent  transport  m  impinging  zones 
The  analysis  quantify  the  extent  up  to  which  the  size  of  the  existing 
terms  in  the  transport  equations  is  changed  by  extra  strain  rates 
associated  with  the  (low  distortion  m  the  irrpingement  zone,  although 
they  do  not  contain  them  explicitly 

The  remainder  of  this  paper  .^..ludes  three  sections,  which  describe 
the  experimental  configuration  and  procedures,  present  the  results 
and  related  discussion  and  summarizes  the  more  important 
conclusions 

2.  EXPERIMENTAL  METHOD  AND  PROCEDURE 

This  section  provides  information  of  the  flow  investigated  and  of  the 
instrumentation  used  to  obtain  the  results  The  error  sources 
associated  with  the  measurements  are  bnetly  considered  together 
with  assessments  ot  accuracy  The  arguments  associated  with  these 
assessments  are  based  on  previous  expenments  and  are  provided  in 
corxfensed  form  Details  can  be  found  in  Barata  (1989) 

The  experiments  were  carried  out  In  a  honzontai  water  channel,  i  50 
m  long  and  0  5m  wide,  made  of  perspex,  which  was  buiti  to  allow 
mutti-jel  impingement  expenments  with  vanabie  blockage  ratio.  H/D, 
but  in  the  present  study  a  single  jet  of  20  mm  exit  diameter  has  been 
used  at  a  fixed  impingement  height  of  5  jet  diameters  The  emssflow 
duct  extends  200  upstream  and  550  downstream  of  the  jet  entry 
which  IS  symmetneatfy  located  at  1 2  50  from  each  side  of  (he  wall  The 
jet  unit  comprises  a  nozzle  with  an  area  contraction  ratio  of  16  and  a 
settling  chamber  0  56mm  long,  which  begins  with  a  flow  efastnbutor 
(with  a  aperture  of  7  degrees)  folowed  by  (low  straighteners  The 
facility  has  a  recirculating  system  whereby  both  jet  and  crossflow  water 
1$  drawn  from  a  discharge  tank  and  pumped  to  a  constant-head  tank  or 
supplied  to  the  jet  unit  via  control  valves  The  uniformity  of  the 
crossflow  was  ensured  by  straighteners  and  screens 

The  origin  of  the  horizontal,  X,  and  vertical,  Y,  coordinates  is  taken  at 
the  centre  of  the  jet  exH  in  the  upper  wall  of  the  tunnel  X  positive  m 
(he  crossflow  direction  arxf  Y  is  positive  vertically  downwards 


let  exit  mean  velocities  of  3  m/s,  giving  rise  lo  Reynolds  .lumbers 
based  on  jet  ey|  conditions  of  60000  The  nozzle  exit  velocity 
charactenstics  resemble  those  of  a  potential  jei  with  a  centerline 
turbulence  intensity  approximately  equal  to  2%  The  crossflow  mean 
volocily  was  0  1  nvs.  corresponding  to  velocity  ratios  between  the  jet 
and  the  crossflow  ot  30  Measurements  obtained  in  the  crossflow 
without  the  jet  have  shown  that  the  local  turbulence  intensity  of  the 
crossflow  was  18%  and  that  the  wall  boundary  layer  m  the  jet 
impingement  region  had  an  uniform  thickness  around  10  mm 

The  velocity  field  was  measured  by  a  dual  beam,  forward  scatter  laser 
velocimeter,  which  compnSLJ  an  argon  ion  laser  operated  at  a 
wavelength  of  514  5  nm  and  a  nominal  power  around  1  W,  sensitivity 
to  the  (tow  direction  provided  by  frequency  shitting  from  acousto-optic 
modulation  (double  Bragg  cells),  a  310  mm  focal  length  transmission 
lens  and  forward-scattered  light  collected  by  a  150  mm  focal  length 
lens  at  a  magnification  of  0  76  The  half-angle  between  the  beams  was 
3  4'’  (4  64^  in  air)  and  the  calculated  dimensions  of  the  measuring 
volume  at  the  e‘^  intensity  locations  were  2  225  and  0  135  mm  The 
horizontal,  U  and  vertical,  V,  mean  and  turbulent  velocity  components 
were  determined  by  a  puipose  built  frequency  counter  interlaced  with 
a  microprocessor  m  the  way  desenbed  by  Heitor  et  at  (1964)  The 
fluctuating  velocity  components  were  also  used,  together  with  those 
at  45^,  to  corrpute  the  local  shear  stress  distnbution,  u'V  ,  as  shown 

by  Mellmg  and  Whiielaw  (1976)  Measurements  were  obtained  up  to  2 
mm  from  the  ground  plate  with  the  transmitting  optics  inclined  half- 
angle  of  beam  intersection  and  with  the  scattered  light  collected  off- 
axis 

Errors  incurred  m  the  measurement  of  velocity  by  displacement  and 
distortion  of  the  measunng  volume  due  to  refraction  on  the  duct  walls 
and  the  change  >n  refractive  index  were  found  to  be  negligible  and 
within  the  accuracy  of  the  measuring  equipment  Non  turbulent 
Doppler  broadening  (systematic)  errors  due  to  gradients  of  mean 
velocity  across  the  measunng  volume,  e  g  Durst  et  al  (1981),  may 
affect  essentially  the  variance  ot  the  velocitv  fluctuactions,  but  for  the 
present  experimental  conditions  are  sufficiently  small  for  (heir  effect  to 
be  neglected  the  maximum  error  is  of  the  order  of  lO'^Vj^  and  occurs 

on  the  edge  of  the  impinging  jet  Systematic  errors  incurred  in  the 
measurements  of  Reynolds  shear  stress  can  arise  from  lack  of 
accuracy  in  the  onentation  angle  ot  the  normal  to  the  anemometer 
fnnge  pattern  and  can  be  particularly  large  in  the  vicinity  of  the  zones 
characienzed  by  zero  shear  stress  For  the  present  experimental 
conditions,  and  based  on  the  results  of  Mellmg  and  Whiteiaw  (1976). 
the  largest  errors  are  expected  to  be  smallar  than  -2  5% 

The  number  of  the  individual  velocity  values  used  in  the  experiments 
to  form  (he  averages  was  always  above  1 0  000  As  a  result,  the  largest 
statistical  (random)  errors  were  1  5%  and  3%.  respectively  for  the 
mean  and  variance  values  for  a  95%  confidence  interval  following  the 
analysis  of  Yanta  and  Smith  (1978) 


The  present  results  were  obtained  at  (he  vertical  plane  of  symmetry  for 


3  RESULTS  AND  DISCUSSION 

The  results  presented  in  the  following  paragraphs  include 
measurements  of  mean  and  turbulent  velocities,  which  are  discussed 
together  with  estimates  of  the  convection  and  production  terms 
involved  in  the  budget  of  turbulent  kinetic  energy  The  presentation 
involves  the  use  of  profiles,  isometnc  profiles  and  contours  The 
choice  depends  on  the  intention  of  the  figure  and  no  attempt  has 
been  made  to  provide  all  data  with  the  same  uniformity  of  precision 
The  contours  have  been  drawn  using  a  bi-cubic  interpolation  between 
measurements  obtained  along  11  (eleven)  vertical  profiles,  and  14 
(fourteen)  horizontal  profiles  covenng  more  than  300  measurements 
stations  in  the  region  '10<X/0<7  and  0  75<Y/D<4  9  The  estimates  of 
the  terms  in  the  transport  equation  for  turbulent  kinetic  energy  are 
approximate  because  of  the  error  m  evaluating  the  spatial  gradients, 
but  the  values  are  sufficiently  accurate  tor  establishing  the  relative 
importance  of  the  separated  terms  in  the  equation  The  purpose  is  to 
assess  the  importance  of  extra  source  terms  denved  from  the  targe 
flow  distortion  in  the  impinging  zone  and  to  examine  the  impbcaticns 
for  calculation  schemes 

Poor  to  the  detailed  measurements  the  visualization  studies  of  Barafa 
at  al  (I99l*a)  have  identified  the  formation  of  an  impingement  region 
charactenzed  by  considerable  deflection  of  the  impinging  jet  The  flow 
becomes  almost  parallel  to  the  ground  plate  and  originates  a 
recircuiatirtg  flow  region  far  upstream  of  the  impinging  lei  due  to  the 
interaction  of  the  backward  wall  jet  with  the  crossflow  The  result  is  the 
formation  of  a  ground  vortex  wrapped  around  the  impingement  )ei  m 
the  way  shown  in  the  sketch  of  Figure  1.  which  resembles  the 
'horseshoe*  vortex  structure  known  to  be  generated  by  the 


vorticity,  rather  than  by  the  direct  action  of  turbulent  stresses,  and 
makes  our  data  particularly  interesting  to  assess  the  accuracy  of 
calculation  methods  which  should  combine  the  ability  to  predict  the 
targe  effects  of  flow  distortion  on  the  turbulence  of  the  impinging 
zone  together  with  the  downstream  vortex  pair  decay 

Figure  2  shows  the  measured  mean  velocity  distnbution  m  the  vertical 
plane  of  symmetry  and  Identifies  respectively  i)  the  impinging  let. 
which  Is  slightly  deflected  by  the  crossflow  with  the  impingement  point 
at  X/D  -  0  2,  ii)  the  radial  wail  lets  formed  alter  a  large  distortion  of  the 
flow  by  the  impinglr>Q  plate,  and  in)  the  upstream  recirculating  flow 
region  rx)ted  before  due  to  the  interaction  of  the  crossflow  with  <he 
backward  wall  let  The  flow  pattern  is  peculiar  in  tnat  it  results  from  the 
considerably  large  )et-to*cros$f(ow  velocity  ratio  and  small 
impingement  height  used  throughout  (his  work  As  a  consequence 
the  inliuence  of  the  jet  exit  conditions  on  the  development  of  the 
radial  wall  jet  is  small  and  the  downstream  pan  of  the  jet  lifts  from  the 
ground  plane  with  a  maximum  inclination  of  3  8  °  at  X/D  «  2  5  The 
observation  is  important  in  that  it  influences  the  skin  friction  and  the 
rate  of  heat  transfer  to  the  ground  plate  m  the  practical  applications  In 
addition,  it  can  be  associated  with  instantaneous  (low  separation  close 
to  the  wall,  as  dicussed  by  Walker  (1976)  for  an  impinging  jet  in  the 
absence  ot  crossflow 

Figure  3  shows  contours  of  turbulent  charactenstics  and  ir>dicates  two 
regions  ot  intense  velocity  (luctuanons.  namely  the  shear  layer 
surrounding  the  Impinging  jet  and  the  impingement  zone  itself  Both 
are  located  m  the  zones  where  the  highest  mean  velocity  gradients 
occur  and  are  associated  with  neaf'Gaussian  velocity  probability 
distributions  suggesting  the  absence  of  discrete  frequency 


-10  -8-6-4-  2  0  2  4  6 


Figure  1  Sketch  of  flow  development  for  a  jef  impinging  on  a  flat 
surface  through  a  low-velocity  crossflow 

deflection  of  a  boundary  layer  by  a  solid  obstacle,  e  g  Baker  (1981)  It 
should  also  be  rxited  that  the  two  counter  -rotating  vortices  trailing 
away  from  the  impingement  zone  develop  m  a  way  indepent  of  the 
vortex  pair  known  to  exist  in  a  *bent-over*  jet  in  crossflow  far  from  the 
ground  (e  g.  Crabb  el  al  ,1981 ,  Andreopoulos  and  Rodi.  1984)  The 
•kidney*  <?hape  type  of  velocity  ccnfourc  found  In  those  situations  Oo 
not  characterize  the  present  imping  ng  jet,  which  gives  nse  to  a  radial 
wall  jet  independent  of  the  upstream  structure  of  the  in^ngement 
zone  This  flow  pattern  ts  created  by  skewing  of  pre^exisiting  spanwise 


Figure  2.  Mean  veloaty  field  at  the  vertical  plane  of  symmetry  (i  e , 
Z  «  0)  tor  Re  -  60  000,  Vj/Uq  «  30.  H/D  -  5  Measured 
streakhnes  over  0  2  seconds 


oscillations  Along  the  impinging  jet,  the  asymmetry  of  the 
distributions  of  the  normal  stresses  is  associated  with  the 
comparatively  large  mean  velocity  gradient  that  occurs  along  the 
downstieam  edge  ol  the  jet  The  results  snow  mat  the  turbulent  flow 
18  anisotropic  in  that  along  the  impinging  jet,  with  the  exception  of  the 
imtiai  potential  core,  v*  *15  the  largest  stress  ^th  0  7i‘yj  pj  v’2 
i  1  0,  w-tle  along  the  wall  jets  1  0  <  ^|  u'2  /V  v'2  s  1  4 
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Figure  3  Contours  ol  turbulent  velocity  characteristics  at  the 
vertical  plane  of  symmetry  (i  e  Z  •  0)  tor  Re  •  60  000, 
V/Uo  -  30,  H/D  -  5 

a)  Vatiance  of  horizontal  velocity  fluctuations. 

u'2  Nf'  X 10^ 

b)  Variance  of  vertical  velocity  fluctuations. 
u’2  /Vj2x  10^ 

c)  Reynolds  Shear  stress  uV  /Vj2  %  io3 

The  Sign  of  the  shear  stress  u'v'  is  consistent  with  the  direction  of 

the  mean  flow,  with  near  zero  values  at  the  centre  of  the  impinging  jet 
Away  from  the  impinging  zone  the  sign  of  the  shear  stress  uV  is 

related  with  the  sign  of  the  shear  stramjn  accor^nce  with  a  turbulent 
viscosity  hypothesis,  i  e  uV  -v^  p  U  /5Y+3  V  /r'X).  where  vj  is  a 

turbulent  viscosity  Along  the  impinging  let  the  shear  strain  d  V  /dX 
dominates  and  uV  a-vj  d  V  /dX,  while  along  the  wall  jets 
d  U  /0Y>|3  V  /3X I  and  the  shear  stress  changes  its  sign  and  may  be 
represented  by  u'v*  —v-i.  3  U  /3Y  Around  the  impinging  point  the 
values  of  3  U  /3Y  and  3  V  /3X  have  the  same  order  of  magnitude  and 
the  "thin  shear  layer  approximation"  is  {e  g  Bradshaw.  1973)  Is  no 
more  valid  As  a  consequence,  me  Hu/noids  shear  stress  decrease 
as  expected  m  the  region  of  high  stabilizing  curvature,  but  nse  rapidly 
further  downstream  with  values  of  uV  higher  than  those  typical 

of  "well-behaved"  plane  shear  layers 


We  have  addressed  the  question  of  wether  the  nature  .;f  turbulence 
has  changed  owing  to  the  strong  stabilizing  curvature  imposed  to  the 
flow  by  analysing  the  development  of  structure  parameters,  e  g 
Harsha  and  Lee  fi970)  Figure  4  a)  shows  that  the  correlation 
coefficient  of  shear  stress  falls  from  values  around  0  55  m  the  shear 
layer  of  the  Impinging  jet  to  values  smaller  than  0  2  in  the  impingement 
zone,  but  increases  again  up  to  0  5  ale ng  the  wall  jets  The 
distnbution  of  the  structure  parameter  uV  /k,  figure  4  b),  also  contir.m 

that  the  impingement  zone  is  significantly  ffected  by  streamline 
curvatura  which  increases  the  shear  stress  on  the  upper  side  and 
decreases  it  on  the  lower  side  m  agreement  with  tne  detailed 
observations  of  Castro  and  Brasdshaw  (1976)  For  exrmple,  the 
values  of  u'v‘  /k  plotted  along  a  curved  line  following  the  centre  of  the 

shear  layers  bounding  the  impingement  and  wall  jets  (all  from  around 
0  3  to  0 1  in  the  impinging  zone  and,  then,  overshoot  again  the  typical 
value  of  0  3  along  the  wall  jets  before  decreasing  further  downstream 
of  the  impingement  zone  All  entena  suggest  the  present 
impingement  zone  is  charactehzed  by  considerable  departures  from 
rcnventional  values  of  dimensionless  turbulence  parameters, 
implying  unconventional  behaviour  of  the  dimensionless  "constants" 
in  any  turbulence  model  that  is  adjusted  to  fit  the  data 


Figure  4.  Distribution  of  turbulence  structure  parameters  at  the 
vertical  plane  of  symmetry  (i  e  ,  Z  -  0)  for  Re  60  000. 
Vj/Uo  -  30.  H/D  -  5 

a)  Correlation  coefficient  for  Reynolds  Shear  -tress,  Ruv 
- —  J""?” 

-  uV  /,  Y  u’  V 

b)  Ratio  between  shear  stress  and  turbulent  kinetic 
energy,  uV  /k 


The  advection  and  production  terms  in  the  transport  equation  for 
turbulent  kinetic  energy  have  been  calculated  from  the  results 
obtained  in  the  vertical  plane  of  symmetry  and  are  shown  in  figures  5 


f  ' 
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Figure  5.  Horizontal  prolilas  of  the  production  and  convection 
terms  in  the  conservation  equation  lor  turbulent  kinetic 
energy  determined  Irom  measurements  obtained  (or  Re 
•  60  000,  V/Uo  .  30,  H/0 . 5 

a)  Y/D  .  3,  b)  Y/0 . 3  5,  c)  Y/0  -  4  0,  d)  Y/D  .  4  3  e) 
YrD.49 

KEY'  o  ■  Advectlon  TF  3K/ax  +  T aK/3Y 

3  •  Produ^on  ^  normai  stresses 

u'2  3  u  rax  +  v’2  aT /av 

A-  ^ducj^on  ^  shear  stresses 

uv  (au/aY+  v/ax) 

~  Inbalance  (diffusion  plus  dissipation) 

and  6,  normalized  by  Vj3,  respectively  (or  five  honzontal  profiles  along 
the  impinging  jet  and  (or  nine  vertical  profiles  along  the  upstream  and 
downstream  wah  ,ets_[he  adveclion  term  was  evaluated  assuming 
that  k.  3/4  (  u’2  +  v-i )  and  is  plotted  so  that  a  negative  value 


represents  a  gam  of  turbulent  kinetic  energy  The  production  terms 
are  exact  since  the  tra^rsa^nvates  vanish  at  the  symmetry  plane 
(le.d  V/dZ-0)and  uV  r  uV  »o 

Along  the  impinging  |el,  and  particularly  for  Y/0  <  3  5,  Ihe  disinbulions 
of  figure  5  resemble  those  (or  a  turbulent  free  let  (e  g  Terinekes  and 
Lumley,  1972)  with  production  by  shear  stress  has  Ihe  largest  term  in 
Ihe  outer  edge  of  the  jet  and  likely  lo  be  balance  by  turbulent 
dissipation  Along  the  centre  of  Ihe  lel  adveclion  is  Ihe  largest  term,  is 
associated  with  the  spread  ot  Ihe  let  and  represents  a  'oss  of  turbulent 
energy,  which  is  likely  lo  be  balanced  by  turbulent  dillusion  With  the 
approach  of  Ihe  impingmeni  zone  turbulence  production  is  large  and 
comparatively  higher  than  the  largest  rale  ot  production  by  shear 
stress  along  Ihe  impinging  |el.  bul  is  through  the  interaction  ot  normal 
stresses  with  normal  strain  and  is  comparable  with  Ihe  adveclion  term, 
which  represents  a  gam  ot  turbulent  energy  Turbulent  diffusion  and 
dissipation  are  expected  lo  be  large  and  to  balance  these  terms  Thiu 
IS  not  surprising  given  Ihe  large  distomon  of  Ihe  mean  (low  in  the 
impingmeni  zone  and  confirms  Ihe  likely  dominahce  of  extra  source 
terms  in  the  balance  of  turbulent  energy  due  lo  streamline  curvature  It 
should  be  noted  that  the  present  analysis  has  been  referred  lo  fixed 
honzontal  and  vertical  directions  similar  to  Ihose  used  in  any  simple 
calculation  scheme  aimed  lo  simulate  the  present  How,  and  that  a 
more  convenient  discussion  may  have  lo  consider  a  referential 
following  a  curved  line,  as  choosen  by  Castro  and  Bradshaw  (1976) 
However,  for  Ihe  purpose  of  this  paper  the  conclusions  presented 
here  are  valid  and  can  be  used  to  assess  Ihe  extent  up  lo  wh  ch 
current  calculation  methods  lor  thin  shear  layers  can  be  extended  to 
simulate  complex  impinging  flows 

The  relevance  of  Ihe  present  results  lo  tne  development  of 
engineenng  calculation  methods  is  that  many  of  the  pnnciples  used  in 
current  schemes  for  "woll-behaved"  shear  layers  and  undermined, 
such  as  Ihe  estimation  of  a  length  scale  from  Ihe  shear  layer  thickness 
or  Ihe  gradlem-diffusion  hypothesis  for  turbulent  iranspon  Based  on 
Ihe  detailed  results  of  Castro  and  Bradshaw  (1976)  (or  a  mixing  layer 
bounding  a  normally  Impinging  plate  jet  with  a  irrolalional  '-"re,  one  is 
forced  towards  the  conclusion  that  a  lulher  level  of  allowance  (or 
history  effects  on  Ihe  dislorlion  of  Ihe  turbulent  How  in  Ihe 
impingement  zone  is  necessary,  for  inslance  Ihough  transport 
equations  (or  one  or  more  of  Ihe  empincal  constants  m  engineenng 
models  of  turbulence  This  requires  analysis  ot  quantities  which  are 
not  directly  measurable  and  should  involve  a  more  detailed  study  of 
length  scales  in  complex  Hows  than  we  have  been  able  to  make  in  the 
present  case 

The  results  of  figure  6  shows  that  these  lealures  ot  Ihe  How  are  limited 
to  Ihe  impingement  zone  and  that  the  budgets  ot  turbulent  energy 
across  the  radiaf  wall  jei  resemble  Ihose  (or  a  conventional  wall  lel  (e  g 
Tennekes  and  Lumley.  1972),  with  production  by  shear  stress  as  Ihe 
largest  term  and  balanced  by  turbulent  diffusion  and  dissipation  (see, 

(or  example  the  profiles  X/D  .  ±  i  5)  The  decelaralion  of  the  radial  tet 
IS  associated  with  an  increase  of  Ihe  adveclion  term,  which  represents 
a  gain  of  turbulent  energy  and  becomes  comparable  lo  the  rate  of 
protHiclion  by  shear  stress  at  the  sanio  voiiical  station  at  x/u  .  1 4 
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FIgurt  6  Vertical  profiles  of  the  production  and  convection  terms  in  the  conservation 
equation  for  turtxilent  kinetic  energy  determined  from  measurements  obtained  for 
Re  -  60  COO,  VjAJo  "  30.  H/0  >  5  Symbols  as  in  figure  5 


This  decelaration  process  is  particularly  important  upstream  of  the 
impinging  |et  due  to  the  interaction  of  the  backward  radial  let  with  the 
crossflow,  and  at  X/0  •  >5  production  of  turt>ulen(  energy  across  the 
(low  1$  almost  zero  and  advection  is  the  dominant  term,  as  within  other 
recirculating  flows  (6  g  Chandrsuda  and  Braoshaw,  1981''  At  XrO«- 
7  5  the  approach  of  the  stagnation  point  associated  with  the  formation 
of  the  ground  vortex  which  wrappes  around  the  impinging  let  i$ 
charactenzed  by  a  fast  increase  m  the  production  of  turbulent  energy 
through  the  interactiv  i  of  normal  stresses  with  normal  strains 
Advection  becomes  smalt  amd  the  distribution  of  figure  6  resembles 
that  for  wake  flows  (eg  Taylor  and  Whitelaw,  1964)  Again.  t»>e 
observation  has  important  implications  (or  the  development  of 
calculation  methods  because  the  turbulent  structure  of  thejiow  In  this 
zone  IS  Influenced  by  the  similarity  of  the  normal  strains  d  V  idX.  and 
d  U  /dY,  which  precludes  the  use  of  gradient -diffusion  hypothesis  for 
turbulent  transport  if  the  length  of  the  ground  vortex  is  to  be 
conveniently  predicted 

4.  CONCLUSIONS 


the  interaction  of  the  backward  radial  let  with  the  crossflow 

The  shear  layer  surrounding  the  lets  is  a  region  of  intense  velocity 
fluctuations  with  maximum  values  located  m  the  region  of  highest 
mean  velocity  gradients  The  sign  of  the  shear  stress  is  consistent 
With  the  sign  of  the  shear  strain  in  the  sense  of  gradient  diffusion 
hypothesis,  with  the  exception  of  the  impingement  zone  and  of  the 
stagnation  zone  associated  with  the  formation  of  the  ground  vortex, 
where  it  is  noted  large  effects  of  flow  distortion  on  the  tubulence 
diructure  parameters  that  determine  the  empirical  constants  in 
eng-neenng  models  of  turbulence  Inspection  of  the  terms  in  the 
conservation  equation  of  turbulent  kinetic  energy  confirms  that  this 
behaviour  Is  associated  with  the  interaction  between  normal  sttresses 
arid  normal  strains  Also,  turbulent  diffusion  and  dissipation  are  likely 
to  be  important  in  the  balance  of  tubulent  Kinetic  energy,  particularly  in 
those  zones  The  evidence  suggests  that  the  calculation  of  complex 
impinging  flows  must  be  found  from  modelled  transport  equations 
rather  than  from  a  turbulent-viscosity  hypothesis  and  that  allowance 
for  history  effects  on  the  distortion  of  turbulent  length  scales  should 
be  considered 


Laser-Doppler  measurements  of  the  flow  field  created  by  a  single  jet 
impinging  on  a  ground  plane  through  a  iow-veiocity  crossflow  for  Re  •* 
60000,  H/0  ■  5  and  V|/Uo  «  30  have  allowed  to  charactenze  the 
turbulent  transport  processes  typical  of  impinging  flows  associated 
with  a  large  penetration  of  the  impinging  jet  through  the  crossflow 
The  results  identify  the  formation  of  a  fairly  thin  radial  wall  jet.  which 
gives  rise  to  a  ground  voiiex  wrapped  around  the  impinging  let  due  to 
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ABSTRACT 

A  Reynolds  stress  transport  equation  model  and  *^he 
k>e  turbulence  model  have  been  applied  to  the 
calculation  of  the  flow  resulting  from  the 
orthogonal  impact  of  a  circular  jet  on  a  solid  flat 
surface.  Comparisons  of  model  predictions  and 
measurements  made  in  the  radial  wall  jet  region  of 
an  impacting  air  jet  demonstrate  the  superiority  of 
the  Reynolds  stress  transport  model  In 
particular,  the  latter  model  accurately  reproduces 
mean  velocity  profiles  within  the  wall  jet  region, 
including  the  magnitude  and  location  of  the  maximum 
velocity.  As  a  consequence  the  spreading  rate  of 
the  radial  wall  jet  is  predicted  successfully. 
None  of  these  flow  characteristics  is  adequately 
represented  by  the  k-e  model.  Predictions  of 
normal  ana  shear  stresses  also  generally  confirm 
the  superiority  of  the  higher  order  turbulence 
closure . 


INTRODUCTION 

The  impact  of  a  non-reacting,  circular  jet  on  a 
solid  flat  surface  is  of  interest  to  many 
engineering  problems.  For  the  case  of  orthogonal 
impaction,  the  flow  is  axisymmetric  and  is  directed 
radially  outward  along  the  surface  giving  rise  to  a 
radial  tall  Jet.  This  flow  configuratlo..  is  used 
in  many  practical  applications  to  effect  cooling, 
heating  and  drying,  as  veil  as  being  of  importance 
^0  the  operation  of  vertical  take-off  and  landing 
aircraft  Of  particular  interest  in  the  present 
work,  this  type  of  flow  is  also  encountered 
frequently  in  assessments  of  the  consequences  of 
gas  releases  on  both  onshore  and  offshore 
installations  involving  high  pressure  pipework  and 
gas  handling  plant.  In  addition,,  such  flows  are  an 
important  test  case  for  the  development  and 
validation  of  mathematical  models  of  turbulent 
flows  since  they  not  only  contain  both  free  shear 
layer  and  near-wall  regions,  but  also  zones  of 
strong,  boundary-induced  streamline  curvature. 

Although  the  case  of  the  turbulent  vail  jet 
has  received  a  great  deal  of  attention  (Launder  and 
Rodi,  1983),  theoretical  predictions  of  the  precise 
flow  configuration  described  above  are  more  rare. 
However,  the  mam  conclusion  of  the  work,,  in  terms 
of  predictions  derived  using  the  widely  adopted 
two-equation,  k-c  turbulence  model  (Jones  and 
Launder,  1972), <  is  that  the  spreading  rate  in  the 
similarity  region  of  the  radial  vail  jet  is 
generally  underpredicted  (Halin,  1988)  by 
approximately  25  percent.  Sharma  and  Patankar 
(1962)  did  hovever  obtain  closer  agreement  vith 
experimental  data  by  using  non-standard  values  for 
the  k-e  model  coefficients.  This  discreoancy  can 
be  attributed  to  the  failure  of  all  turbulence 
models  based  on  the  Boissinesq  stress-strain 
relation  to  account  adequately  for  the  sensitivity 
of  the  vail  Jet  to  streamline  curvature  effects 
induced  by  the  lateral  divergence  of  the  flow.  The 
assumption  of  an  effective  turbulent  viscosity  also 
means  that  although  the  position  of  zero  shear 
stress  within  the  wall  jet  region  is  predicted 
veil,  the  position  of  the  maximum  velocity  is 
wrongly  predicted  since  the  shear  stress  does  not 
v«iusn  at  the  velocity  fflaxlmuo  within  such  flows 
but  at  locations  closer  to  the  vail  Halin  (1988) 


has  obtained  predictions  of  the  spreading  rate  of 
such  vail  jets  by  introducing  modifications  to  the 
k-c  model  (Hanjalic  and  Launder.  1980]  to  account 
for  the  influence  of  the  extra  rate  of  strain, 
associated  vith  lateral  divergence  of  the  flow,  on 
Che  process  of  length  scale  augmentation  Hovever. 
the  inclusion  of  vall-damping  effects  using  the 
approach  of  Ljuboja  and  Rodi  (1980)  vas  found  to 
decrease  agreement  between  theory  and  experiment. 

In  thv  present  study,  predictions  of  the 
impacting  jet  obtained  using  the  standard  k-c 
turbulence  model  are  compared  with  those  derived 
through  use  of  a  Reynolds  stress  transport  equation 
model  (Jones  and  Musonge,  1988)  in  vhi\.h  the 
influence  of  streamline  curvature  arises  naturally. 
Also,  because  pressure  reflections  from  the  wall 
necessarily  impede  the  transfer  of  energy  from  the 
streamvise  direction  to  chat  normal  to  the  surface, 
not  just  in  the  immediate  vicinity  of  the  surface 
but  also  in  the  outer  free  shear  layer  beyond  the 
maximum  velocity,  the  influence  of  vall-damping 
terms  within  the  Reynolds  stress  transport  equation 
model  has  also  been  investigated.  It  is  in  fact 
this  process  which  Is  responsible  for  both  the 
slower  growth  rate  of  the  radial  wall  jet  as 
compared  to  a  free  jet,  and  for  the  s»trong 
sensitivity  of  the  flow  to  streamline  curvature 
Predictions  derived  from  both  turbulence  models  are 
compared  vith  experimental  data  on  an  impacting  air 
jet  obtained  by  Poreh  et  al  (1967). 


KATHEMATICAL  HODEL 
Governing  Equations 

Predictions  given  in  this  paper  were  based  upon  the 
solution  of  the  ensemble-averaged  Navier-Stokes 
equations  using  either  the  k-c  or  the  Reynolds 
stress  transport  equation  turbulence  model.  For 
solution,  the  equations  were  written  in  -  ^orm 
appropriate  to  axisymmetric  flows  but,  for  L<;asor. 
of  brevity,  are  given  below  ir»  Cartesian  tensoi 
form. 

For  an  incompressible  Newtonian  fluid,  the 
ensemble-averaged  forms  of  the  partial  differential 
equations  which  describe  the  conservation  of  mass 
and  transport  of  mean  momentum  may  be  written  as 
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and  where  the  upper  and  lover  case  U’s  denote  the 
mean  and  fluctuating  components  of  velocity 
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respectively,  p  the  fluid  density,  P  the  mean 
pressuiv  and  v  the  kinematic  viscosity  This  set 
of  equations  is  only  closed  vhen  the  Reynolds 
stress  \nr  IS  approximated  through  the  use  of  a 
turbulence  liiodel. 

In  the  k*c  turbulence  model  (Jones  and  Launder, 
1972)  the  Reynolds  stress  is  assumed  to  be  related 
linearly  to  the  mean  rate  of  strain  via  a  scalar 
eddy  viscosity; 
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where  k  •  u  u  /2  is  the  turbulent  kinetic  energy. 
V  -  C  IS  the  turbulent  eddy  viscosity  and 

is  tRe  dissipation  rate  of  turbulence  kinetic 
energy.  Values  of  k  and  c  are  obtained  from 
solution  of  their  modelled  transport  equations 
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0  22,  C  -  1  50,  C  -  -0  53,  C  •  0,67  and  C  * 
-0.12  ^The  turbulence  energy  dissipation  rate  is 
then  obtained  from  solution  of  the  equation 
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Vail  reflection  effects  were  incorporated  in 
the  second  moment  closure  by  including  wail 
corrections  in  the  pressure-strain  model  according 
to 
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In  second  moment  turbulence  closures,  the 
Reynolds  stress  is  obtained  directly  from  solutions 
of  modelled  partial  differential  balance  or 
tranrport  equations.  The  modelled  Reynolds  stress 
transport  equation  used  in  the  present  work  may  be 
written  as  (Jones  and  Husonge,,  1966) 
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where  the  pressure-strain  terms  are  given  by 
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where  n  is  the  unit  vector  normal  to  the  wall  and 
L  IS  a^  length  scale  characterising  the  energy 
containing  motions.  The  function  f  reduces  the 
effect  of  the  wall  correction  with  increasing 
distance  from  the  wall,  and  was  taken  as 

f  «  n  X  c)  with  ■  k/C  and  k  the 

von  Karman  constant  The  constant^  and 

were  calculated  by  setting  the  'i^rt 

(convection  and  diffusion)  terms  to  zero,'  i.e 
local  equilibrium,  in  the  equations  for  thin,  two 
dimensional  shear  layers  and  by  assuming  that  only 
a  single  component  of  mean  strain  is  significant 
These  constants  we  e  then  derived,,  assuming 
experimental  near-wall  values  for  vv/k  *  0.22  and 
uv/k  -  -0.25.^  as  C  •  0.30  and  C  -0.27 

'  •  Wl  W2 


Computational  Procedure  and  Boundary  Conditions 


The  computational  results  presented  below  required 
solution  of  the  full  axisymmetric  forms  of  the 
appropriate  transport  equations.  The  equations 
were  solved  using  a  modified,  axisymmettic  version 
of  a  computer  program  described  in  detail  elsewhere 
(Fairweather,  Jones  and  Marquis,  1988).  The 
numerical  solution  method  embodied  in  the  program 
used  a  cylindrical  polar  grid  and  employed  a 
staggered  velocity  storage  arrangement  in  order  to 
prevent  uncoupling  between  the  velocity  and 
pressure  fields.  A  linearised  implicit 
conservative  difference  scheme  was  used,-  with 
convection  terms  being  approximated  by  the  second 
order  accurate  (bounded)  TVD  scheme  originally 
proposed  by  Van  Leer  (1974)  and  adopted  more 
reveully  by  Zhu  (1990).  Central  differences  were 
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used  for  all  other  terms  and  the  resulting 
quasi-Knear  algebraic  equations  vere  solved  using 
a  line  Gauss-Seidel  method  vith  solution  of  the 
velocity  and  pressure  fields  being  achieved  by  a 
pressure  correction  method  (SIMPLE). 

The  experimental  arrangement  used  by  Poreh  et 
al  (1967)  consisted  of  a  cylindrical  chamber  from 
vhich  air  vas  ejected  vertically  downvards  through 
a  circular,  sharp^edged  orifice,  vith  the  jet 
impacting  a  horizontal  flat  surface  placed  beneath 
the  jet  source.  This  arrangement  vas  approximated 
for  the  predictions  by  the  configuration  shown  in 
figure  1,  where  all  the  experimental  results 
examined  below  vere  obtained  from  a  release  with  a 
mean  exit  velocity  of  104  ms'^,  and  with  d  •  Slmm 
and  (H-h)  »  610mo.  ’ 

The  boundary  conditions  applied  assumed 
symmetry  along  the  jet  centreline  and  for  all 
surfaces  within  the  computational  domain 
finite-difference  solutions  were  patched  onto  fully 
turbulent,  local  equilibrium  wall  lav  profiles.  On 
the  impacted  surface  the  matching  point  vas  at  a 
fixed  distance  from  the  wall  for  all 

finite-difference  grids  and  was  located  at  a 
position  corresponding  to  a  value  of  y*^  100 

everywhere.  The  remaining  boundary  corresponding 
to  r  •  constant  vas  treated  as  an  entraining 
constant  pressure  surface  In  performing  the 
calculations  the  sensitivity  of  computed  solutions 
to  the  positioning  of  the  constant  pressure  surface 
and  the  height  h  vas  investigated,  and  in  the 
results  presented  below  these  boundaries  were 

located  sufficiently  far  away  from  the  jet  source 
to  have  a  negligible  influence  on  the  flow 
Because  of  uncertainties  in  the  initial  conditions, 
the  jet  source  vas  assigned  mean  velocity  and 
turbulence  quantities  typical  of  fully  developed 
pi.pe  flow.  The  validity  of  this  approach  vas 
however  tested  for  one  particular  flow,  vith  U  • 
•  113ffl8‘^  and  d  •  2Sfflm,  for  which  measurements^of 

mean  velocity  ^and  turbulence  quantities  are 
available  in  the  free  jet  region  mid-way  between 
the  jet  source  and  the  impacted  surface  (Tsuei, 
1963),  with  good  agreement  between  theory  and 
experiment  being  found. 

Numerical  solutions  were  obtained  using 
expanding  finite-difference  meshes  of  40  x  26,  75  x 
46,  146  x  60  and  146  x  133  in  the  r  and  x 
directions  respectively,;  vith  the  mesh  expansion 
ratio  being  less  than  1  05  in  the  regions  of 
interest.  Results  obtained  with  the  four  grids 
suggest  that  the  fine  mesh  computations  were 
essentially  free  of  numerical  error  (considered 
further  below) . 


RESULTS  AND  DISCUSSION 

Calculations  performed  using  both  the  second  moment 
turbulence  closure  and  the  k-c  model  indicated  that 
essentially  grid  independent  solutions  vere 
obtained  using  the  most  refined  mesh  referred  to 
above.  This  is  illustrated  in  figure  2  vbich 
compares  profiles  of  mean  and  r.m.s.  fluctuating 
radial  velocities  through  the  radial  wall  jet 
region,  derived  using  the  second  moment  closure 
without  wall  reflection  effects,  at  the  position  of 
greatest  variation  between  predictions  made  using 
the  various  grids,  i  e  at  the  largest  radial 
distance  from  the  stagnation  point. 

Figure  3  compares  experimental  measurements 
and  predictions  of  the  mean,  radial  velocity  at 
four  radial  locations  within  the  rurbitlent  vail  Jet 
region.  Results  obtained  using  the  k-c  turbulence 


model  are  seen  to  overpredict  the  magnitude  of  the 
maximum  velocity  by  as  much  as  30Z,  with  the 
position  of  the  peak  velocity  being  unrealistically 
close  to  the  flat  plate  In  contrast,  the  second 
moment  turbulence  closure  gives  good  qualitative 
and  quantitative  predictions  of  the  velocity 
profile.  In  the  absence  of  terms  to  account  for 
the  effects  of  wail  reflection  the  latter  model 
does  tend  to  slightly  overpredict  the  distance  of 
the  peak  velocity  from  the  impacted  surface;  the 
inclusion  of  wall  reflection  terms  reduces  slightly 
the  deviation  between  theory  and  experiment  Both 
turbulence  models  also  appear  to  underestimate 
slightly  the  mean  velocities  within  the  outer 
regions  of  the  turbulent  wall  jet. 

The  k-c  model  overpredicts  the  radial  decay  of 
the  peak  mean  velocity  and  underpiedicts  the 
spreading  rate  of  the  radial  wall  jet  as  shown  in 
figure  4  The  rate  of  decay  of  peak  velocity  is, 
however,  in  reasonable  accord  with  experimental 
findings,  although  the  spreading  rate  of  the  wall 
jet  appears  to  be  underpredicted  by  an  amount 
similar  to  that  found  by  other  workers  (Malm, 
1988).  Predictions  of  the  Reynolds  stress 
transport  equation  model  are  in  much  closer 
agreement  with  experimental  data,  particularly  when 
vail  reflection  effects  are  included. 

Measured  and  predicted  normal  and  shear  stress 
profiles  at  the  same  four  radial  locations 
examined  above  are  compared  in  figures  5  to  8 
Overall.  there  is  little  to  choose  between 
predictions  derived  using  the  k-e  turbulence  model 
and  the  second  moment  closure  without  wall 
reflection  effects.  The  inclusion  of  wall 
reflection  effects  in  the  latter  model  does  however 
cause  damping  of  the  r.ffl  s.  normal  stress 
perpendicular  to  the  impacted  surface  resulting  in 
better  agreement  with  experimental  data,  although 
as  a  consequence  the  remaining  two  normal  stresses 
are  predicted  less  well  In  all  cases  however,  the 
magnitude  of  both  the  normal  and  shear  stresses  is 
overpredicted  by  the  second  moment  closure, 
particularly  in  the  outer  regions  of  the  wall  jet, 
vith  Similar  results  being  found  for  k-e 
predictions  vith  the  exception  of  the  r-.  component 
normal  stress.  The  position  of  zero  shear  stress 
is  predicted  veil  by  both  variants  of  the  second 
moment  closure. 

Differences  between  predictions  and 
experimental  data  may,  however,  be  to  some  extent 
associated  vith  errors  in  the  data.  Measurement 
of  local  turbulence  intensities  made  vithin  the 
vail  jet  vere  much  larger  than  corresponding 
intensities  found  in  two-dimensional  flow  over  a 
plate,  pipe  flows  or  circular  jets.  Values  of  the 
local  radial  turbulence  intensity  vere  in  fret  as 
high  as  0.7  in  the  outer  regions  of  the  wall  jet 
and  0  5  close  to  the  wall  (Poreh  et  al,  1967).  The 
constant  temperature,  crossed  hot-wire  anemometer 
technique  used  in  obtaining  mean  velocities  and 
both  normal  and  shear  stresses  within  the  flow 
considered  is  known  (Tutu  and  Chevray.'  i975)  to  be 
prone  to  errors  when  used  in  such  high  turbulence 
intensity  flovs,  resulting,'  in  particular,  in 
Reynolds  stresses  below  actual  values.;  Allowance 
for  such  inaccuracies  in  the  measurements 
considered  above  would,  however,  only  further 
confirm  the  superiority  of  predictions  derived  from 
the  transport  equation  model. 
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CONCLUSIONS 

The  k>c  model  and  a  Reynolds  stress  transport 
equation  turbulence  model  have  been  used  to  predict 
the  flow  resulting  from  the  orthogonal  impaction  of 
a  circular  air  jet  on  a  solid  flat  surface. 
Comparison  of  predictions  with  measurements  made  in 
the  radial  wall  jet  region  demonstrate  the 
superiority  of  the  second  moment  closure,  with  the 
transport  equation  model  accurately  reproducing 
mean  velocity  profiles  within  this  region  of  the 
flow  and  as  a  consequence  the  spreading  rate  of, 
and  the  radial  decay  of  maximum  velocity  in  the 
wall  jet.  Predictions  of  normal  and  shear  stresses 
also  generally  confirm  the  superiority  of  the 
higher  order  turbulence  closure,  particularly  when 
the  influence  of  likely  errors  in  the  experimental 
data  used  for  comparison  purposes  is  taken  into 
account.  However,  the  present  comparisons  do  not 
provide  a  rigorous  test  of  the  wall  reflection 
model,  while  it  gives  reasonable  results  when  the 
mean  flow  is  parallel  to  a  solid  surface  it  is 
known  to  produce  undesirable  effects  in  other 
circumstances.  For  example,  in  the  vicinity  of  the 
stagnation  point  of  the  present  flow  where  the  mean 
flow  IS  predominantly  towards  the  solid  surface  the 
wall  reflection  terms  quite  incorrectly  act  to 
augment  the  fluctuations  normal  to  the  wall.  To 
permi t  a  more  detailed  evaluation  of  the  present 
and  alternative  wall  reflection  approximations 
further  experimental  data  is  needed  particularly 
close  to  the  stagnation  point 
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Figure  1.  Scheoatic  of  a  turbulent  iopacting  jet.  '^igure  3.  Measured  and  predicted  mean  velocity  at 

four  radial  locations  viihin  the  ^all 
jet  region 

<0  measured,  —  predicted  secou- 
ffloment  closure  vith  vail  reflection 

effects,  -  predicted  second  moment 

closure,;  predicted  k-c). 


Figure  2.,  Effect  of  grid  refinement  on  mean  and 
r.ffl.s.  fluctuating  velocities  vithin 
the  vail  let  region  at  r  -  1.37m 

( -  146  X  133  nodes, - 146  x 

60, -  75  X  46., .  40  x  26). 


Figure  4.  Radial  decay  of  maximum  mean  velocity 
and  increase  in  jet  mean  velocity 
half-width  vithift  the  vail  jet  region 
(key  as  figure  3} . 
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Figure  5.  Measured  and  predicted  r.m.s  noroal 
stress  at  four  radial  locations  within 
the  wall  jet  region 
VO  measured,  —  predicted  second 
moment  closure  with  wail  reflection 
effects,,  -  -  -  predicted  second  moment 
closure,;  - - predicted  k-c),. 


Figure  7  Measured  and  predicted  r  m  s.  normal 

stress  at  four  radial  locations  within 
the  wall  jet  region 
(key  as  figure  5) . 
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Figure  6.  Measured  and  predicted  r.m.s.  normal 

stress  at  four  radial  locations  within 
the  wall  jet  region 
(key  as  figure  5) . 


Figure  8  Measured  and  predicted  shear  stress  at 
four  radial  locations  within  the  wall 
jet  region 
(key  as  figure  5) . 
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Abstract 

The  paper  considers  the  prolilcm  of  modelling  turbulent  transput  t 
ID  stagnating  jet  flows  via  second-moment  closure  In  the  case  of 
colliding  jets  it  is  shown  that  a  new  model  introduced  at  TSF  7 
IS  more  successful  than  the  usually  adopted  scheme  m  prcthcimg 
the  high  spreading  rate  of  the  radial  fount2uit  For  normal  jet  im 
pingcmciit  against  a  plane  wall  it  is  found  that  the  usuaMy  adopted 
model  of  pressure-reflection  effects  gives  a  correction  of  the  wrong 
sign  in  stagnating  flows  A  new  version  is  proposed  that  gives 
satisfactory  agreement  with  experiment  in  impinging  .strain  fields 
while  maintaining  the  desired  form  for  flow  parallel  to  the  surface 

1  Introduction 


Space  limitations  preclude  the  possibility  of  fully  reporting  numer 
ical  aspects  of  the  present  research  The  computations  have  been 
made  with  a  version  of  the  TEAM  code,  an  ajasymmetne  ellip 
tic  solver  [7]  appropriately  adapted  to  incorporate  the  tiansport 
models  described  in  §2  and  §3.  Grids  of  up  to  100  («ixjal)  \  90  (la 
dial)  have  been  adopted  with  a  concentration  of  the  axial  nodes 
across  the  viscous  sublayer  and  a  concentration  of  the  radial  nodes 
to  cover  the  mixing  laver  springing  from  the  jet  exit  Quadrotic 
upstream  interpolation  has  been  adopted  for  mean-flow  vanables 
to  reduce  numerical  diffusion  It  was  found  that  these  fine-gri  i 
results  gave  barely  perceptible  differences  from  earlier  ones  ob 
tamed  with  mesh  spaciugs  roughly  twice  as  large  in  regions  wheie 
propel ty  gradients  were  steepest  Results  may  thus  be  reasonably 
regarded  as  grid  independent 


The  flow  created  by  the  orthogonal  impingement  of  a  turbulent 
jet  onto  a  plane  surface  is  one  of  considerable  interest  from  both 
fundamental  and  practical  standpoints  It  is  a  configuration  that 
gives  rise  to  very  high  levels  of  convective  heal  transfer  coefficients 
and,  thus,  is  one  adopted  in  numerous  industrial  heating,  cooling 
and  drying  processes  At  a  more  fundamental  level  it  can  be  said 
to  be  a  flow  chat,  while  being  geometrically  simple  and  easily 
defined,  is  emphatically  different  from  a  simple  shear  flow  Four 
major  differences  from  that  of  a  boundary  layer  flow  are  worth 
noting 

•  a  substantial  transport  of  turbulence  towards  the  surface 
(convective  in  the  outer  region,  diffusive  across  the  sublayer) 

•  stress  generation  near  the  stagnation  point  pnmattly  by  iioi 
mal  stress/normal  strain  interactions 

•  strong  streambne  curvature 

•  turbulent  velocity  fluctuations  normal  to  the  wall  larger  than 
those  parallel  to  the  surface 

The  first  of  these  is  what  produces  the  particularly  high  levels  of 
Nusselt  number,  the  last,  as  we  shall  see  later,  demands  a  major 
rethink  of  approaches  to  modelling  the  lole  of  the  wall  on  the 
near-surface  pressure-stiain  process. 

The  impinging  axisymmetnc  jet  (together  with  the  related  case 
of  a  colhding  co-axial  jet)  has  thus  been  selected  as  a  principal 
flow  for  guiding  the  extension  of  UMIST’s  second-moment  closure 
for  free  shear  flows  (reported  at  the  7th  Symposium  on  Turbulent 
Shear  Flows  (3,4j)  so  as  to  be  applicable  in  the  vicinity  of  the 
wall  Parallel  research  concerning  the  modelling  of  channel  flow  is 
reported  elsewhere  in  these  proceedings  (10) 

Section  2  details  the  form  of  the  model  for  free  shear  flows  and 
reports  the  computed  behaviour  for  a  paar  of  colliding  axisymmet- 
ric  jets  [11]  while  the  problem  of  the  impinging  jet  is  the  focus 
of  Section  3  In  Loth  §2  and  §3  computational  results  are  also 
generated  with  the  widdy  adopted  model  of  Gibson  and  Launder 
[6]  which  we  henceforth  designate  as  the  “basic”  model 


2  The  Model  for  F>ee  Shear  Flows 


The  starting  point  fr.r  the  present  computations  is  the  free  flow 
form  of  the  model  whose  applit  Mon  to  a  diversity  of  hoinoge 
neons  and  inhomogeneous  flow«  was  reported  at  TSF  7  in  Stanford 
(3,4)  The  transport  equation  for  the  Reynolds  stress,  TrrSJi  may 
be  written  in  the  symbolic  form 


— =  d,;  +  P,J  +  {  1  ) 

where  the  mean  strain  generation  rate,  P,j,  is  handled  e\actly 
The  dissipation  (f,J  taken  as  isotropic  while  diffusive  transport 
(d.,)  18  modelled  by  the  rudimentary  generalized  gradient-diffusion 
hypothesis  [5,3]  The  turbulent  (1)  and  mean  strain  (2)  pans 
of  the  non-diffuBive  pressure  interactions  in  the  Reynolds  stress 
(tiTSy)  budget  are  represented  as 


l(AjA)*/^  (o,,  +  I  2  (oaO;k  -  Vs^j^.j))  -  ta,j 
d,j3=-0  6(F,,  -  +  0  3(0,,  (Pkk/f) 

^r,\^jm:f0Uk  ,  at^I^  vikTk  f _ ov, _ 

'  [-V-  ( &r  ("■“*  aJT  ^ 


(2) 


^3 

di 


^)] 


—06 (Aj  (P,,  —  D,i)  -f  30ni  On,  —  ^mn)]  (3) 


The  numerical  coefficients  m  eq  (2)  are  computer-optimized  values 
while  all  except  the  second  0  6  m  cq  (3)  are  determined  by  kine 
matic  constraints  [3]  Finally  e  (the  dissipation  rate  oi  k  =  Vjuf ) 
is  obtained  from 


dt  ' 


192 


+ 1 


+  0  35 


{?•?©■) 


+  d,  (4) 


There  are  small  evolutionary  changes  in  the  above  model  from 
that  reported  in  [3]  that  have  brought  minor  improvements  to 
predictions  of  the  test  flows  considered  in  that  paper 


In  §3  the  question  of  including  'wall  reflection’  contributions  into 
the  mode)  of  the  fluctuating-pressure  correlations  will  be  exam¬ 
ined  in  order  that  the  impinging  jpt  may  be  computed  Howe. cr, 
to  provide  a  test  of  the  model  for  free  flows  in  an  essentially  similar 
strain  field  to  the  impinging  jet  the  case  of  two  identical,  collid¬ 
ing,  axisymmetnc  jets  (shown  schematically  in  Fig  1)  is  consid¬ 
ered.  Witze  jll]  studied  such  a  flow  experimentally  and  found 


8-5-1 


thcrp  were  considerable  difforeiKes  betwwn  tl..  resultant  lath.i] 
“fountain"  and  the  superficially  identical  flow  produced  by  a  la 
died  nozzle,  in  particular,  the  (ollidmg  jets  lead  to  a  gro\^th  of  the 
radiai-jot  half  width  of  about  0  37.  some  thtw  tunes  laigei  than 
that  o!  the  usual  radial  jet  Figure  2  conipaiet  the  lomputed  aiui 
measured  growth  of  the  radial  jet  half  width  The  basic  model 
produces  a  nearij  uniform  rate  of  growth.  ossentiall\  the  same  .is 
for  the  conieiitional  radial  jet  The  piesent  model,  howevei.  dis 
pla\s  a  greatly  enhanced  rate  of  giowth  oiei  the  icgion  fiom  3 
to  6  diameters  downstream  Coriespondinglv,  the  development  of 
the  centreline  mean  velocity  m  F  ig  3a  is  captured  with  far  grcatei 
fidelity  than  with  the  basic  model  The  origin  of  the  unproved 
behaviour  lies  in  the  dissipation  rale  equation,  oq  (4)  The  mean- 
strain  terms  herein  arc  only  about  half  as  large  .as  m  the  foim  of 
the  £  equation  adopted  in  the  basic  model  This,  together  with 
the  presence  of  the  stress  invariants  as  parameters  in  eq  (4),  i.s 
why  the  new  form  gives  values  of  £  that  respond  less  rapidly  to 
sudden  changes  in  the  mean  strain  field  The  fluctuating  voloc 
ity  level  (Fig  3b)  is  generally  lower  w-ith  the  prest.  model  tha’' 
the  basic  closure  simply  because  the  far  too  weak  spreading  late 
with  the  latter  produces  steeper  mean  velocity  gradients,  ag.!!!! 
experimental  data  broadly  support  the  new  model 

Nevertheless,  Figure  2  suggests  that  agreement  is  not  complete 
At  small  fj D,  m  particular,  the  computed  jet  width  is  less  than 
half  the  measured  We  suspect  the  physical  reason  for  this  is  that 
high  velocity  eddy  packets  approaching  the  collision  plane  will  cen 
trifuge  across  to  the  other  side  of  the  flow  while  low  velocity  ed 
dies  will  be  rapidly  turned,  Fig  1  In  terms  of  the  stress  iiansport 
equation,  this  process  gives  rise  to  non-zero  values  of  triple  velot 
ity  products  on  the  symmetry  plane  of  the  radial  jet,  a  feature 
that  is  not  captured  by  the  very  simple  model  of  d,,  adopted  in 
the  present  study  The  continued  high  rate  of  spread  beyond  6 
diameters  downstream  that  is  displayed  by  the  experiment  (but 
not  by  the  computations),  may  also  be  a  carry-over  of  the  '*ceii- 
trifugiDg”  process  occurring  m  the  collision  region,  that  is  to  say, 
after  crosstug  the  symmetry  plane  the  lugh-energy  packets  (Fig  1) 
will  And  themselves  moving  outwards  rdative  to  that  plane  and 
wll  tend  to  continue  m  that  direction. 

Fortunately,  in  the  case  «f  impingement  on  to  an  impermeable 
surface,  the  physical  process  discussed  in  the  above  paragraph  wiU 
be  absent 

3  Model  Adaptations  for  Impinging  Near- Wall  Flows 
3.1  Flow  Field  Behaviour 

This  section  considers  two  types  of  near-wail  adaptation:  modifica¬ 
tions  to  arising  from  pressure  fluctuations  at  the  wall  itself  and 
the  handbng  of  viscous  influences  within  the  near-wall  sublayer 
Concerning  the  latter,  while  strict  consistency  would  require  the 
adoption  of  second-moment  modelling  across  the  viscous  sublayer 
itself,  at  the  time  these  computations  were  initiated  there  was  no 
satisfactory  model  based  on  rate  equations  for  ^ 

region  even  for  the  far  simpler  case  of  flow  parallel  to  the  wall.  Ac¬ 
cordingly,  we  have  adopted  the  widely  used  low-Reynolds-number 
k  e  model  of  ref  [8]  to  cover  the  near  wail  sublayer  An  amendment 
to  the  original  form  of  the  £  rate  equation  is  the  inclusion  of  an 
additional  source  term  5,  due  to  Yap  [12]  (the  "Yap  correction”) 

‘■■"‘UHiff  <>• 

where  £  =  £  -  a  quantity  that  vanish^  at  the 

wail,  /  is  the  length  scale  and  is  the  ‘equilibrium’  neax- 

wall  length  scale  taken  as  2  5  times  the  distance  from  the  wall  The 
effect  of  the  term  is  to  reduce  the  excessively  large  length  scales 
vlidl  uilierwise  arise  lu  the  viscous  sublayer  iu  urcuiustaiices  where 
there  is  a  large  diffusive  transport  of  k  towards  the  wall.  The 
term  has  been  widely  applied  in  the  UMIST  group  over  the  past 
3  years  in  separated  and  three-dimensional  wall  flows  to  generally 


beneficial  effect  The  term  is  also  includod  ai  the  t  eeiiation  '‘iii 
plovcd  outside  the  sublayer  (i  e  iiuq(4))  though  the  effort  on  the 
Reynolds  stresses  there  iv  minor  As  will  ho  soon  l.itor  tiie  tetm 
oxoft*.  .1  vorv  povvorful  mfliionro  m  limiting  the  lovi'l  of  Xiissok 
iiumoor  uoar  thoost.ign.itimi  noint 

Regarding  the  hdiulliiig  ot  .v.iH  i’<  no  m  iln-  luHv  iuiImi 

lent  region,  the  basic  motlol  [6]  ailt>])ts  tho  following  w.il!  h'Hih  tion 
terms 

g  _  _  _ 

(J*"  1=0  5- (ufc«„,;uri,„^^  tu  ri, )  (C) 

It  has  been  argued  [9]  that  the  magnitude  of  the  above  terms 
IS  unrealistically  large  beca'<se  they  are  partly  compensating  foi 
weaknesses  in  the  frcc-shear-flow  forms  of  and  d>,jj  adoploii  in 
tne  basic  model  In  recent  work  at  UMIST  [10,9]  only  the  process 
has  been  retained  because  Brasseur  and  Lee  [2]  have  shown 
that  the  process  ^,^2  is  associated  with  much  larger  wavelrng*h 
interactions  than  it  would  thus  be  the  former  process  that 
would  most  “feel"  the  rigid  boundary  That  is  the  practice  adopted 
here  also 

Following  {9|  we  take. 

0“  =  0  3(^4m2Uitnm^i,  -  Vi<t>tk2nknj  -  ^/2<t>jk7^kni)  (8) 

wh-'fe  Ir  IS  a  length  scale  normal  to  the  wall  ~  k,/u^n^,Vql€ 
and  Zn  )s  the  distance  from  the  wall  XkUk  (or  here  simply  z) 

The  impinging-jet  test  flow  selected  for  consideration  is  a  currently 
unpublished  hot-  wire  study  at  UMIST  with  the  jet  discharge  2 
diameters  above  the  plate.  Fig  4  The  air  debvery  pipe  is  long 
enough  for  the  flow  at  discharge  to  bo  fully  developed,  the  pipe 
flow  Reynolds  number  is  23000  Figure  5  compares  at  r/D  =  1  0 
(which  18  typical  of  the  behaviour  at  other  stations)  the  expert 
mental  data  with  computations  for  the  basic  model  (including 
wall  corrections  eqs  (6)  and  (7)),  the  present  model  without  wall 
reflection  correction,  and  the  present  model  with  eq  (8)  as  wail 
correction  Without  a  wall-  correction  term  the  present  model 
leads  to  worse  agreement  with  experiment  than  the  basic  model 
normal  velocity  fluctuations  and  turbulent  shear  stresses  too  high 
and  consequently  a  too  diffused  mean  velocity  profile  results  Yet, 
(O  our  initial  astonishment,  when  the  wall  correction  w’as  added, 
agreement  with  experiment  became  even  worse!  In  fact,  the  ex 
planation  for  this  behaviour  is  not  difficult  to  discovei  Droadl) 
eq  (8)  impedes  the  transfer  of  mean-strain  generation  into  or  out 
of  the  normal  stress  perpendicular  to  the  wail  In  a  simple  parallel 
shear  flow  there  is  no  direct  generation  in  that  component  and  the 
wall  reduces  the  transfer  of  cnerg)’  generation  to  it  that  arises  f?  0111 
Hence,  <i.s  desired,  the  normal  lompoiieni  is  lediued  lu 
an  impinging  flow,  hovicvcr,  the  greatest  generation  rate  is  in  the 
component  normal  to  the  wall  and  eq  (8)  hinders  the  share-out  of 
this  generation  to  fluctuations  parallel  to  the  wall  It  is  this  that 
produces  the  physically  spurious  behaviour  m  Fig  4 

This  anomalous  behaviour  is  intrinsic  to  eq  (8).  Evidently  a  differ¬ 
ent  formulation  is  needed  that  will  damp  the  stress  component  nor 
mai  to  the  wall  irrespective  of  the  strain  field  From  examining  all 
possible  combinations  of  linear  products  of  mean  strain,  Reynolds 
stress  and  unit  vectors  normal  to  the  wall,  the  following  form  was 
arrived  at  as  one  exhibiting  broadly  the  desired  behaviour  in  both 
a  plane  channel  flow  and  in  the  impinging  jet 

ir,=-0  -  3n,n,)/. 

(dVt  3dUi  3SV, 

-0  08t  I  -  j “  2  ftet )  ‘ 

+0.6kP^nin„  (n,n,  -  V3n,ti,8,j)  f. 

Otm 


The  first  line  represents  a  simple  r^’distribution  of  the  turbulence 
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energy  production  into  components  paiallel  to  the  wall,  whilst  the 
second  adds  more  varied  effects  The  third  hne  is  only  effcttivi' 
in  in  impinging  flow  The  results  of  employing  this  new  wall 
correction  in  the  impinging  jet  are  shown  m  Figuies  6  8  W  hile 
the  fluctuations  normal  to  the  wall,  Fig  6,  are  still  r  itliei  too  huge 
near  the  stagnation  point  {t/D  =  05  and  1  0),  there  is  a  very 
considerable  improvement  in  the  overall  behaviour  As  a  result 
of  the  more  accurate  shear  stress  predictions,  Fig  7,-  the  mean 
velocity  profile  is  now  dlso  in  generally  satisfactory  accord  with 
th  •  measured  data  (a  feature  which  serves  to  confirm  the  nitoinal 
consistency  of  the  experimental  data) 

3.2  Convective  Heat  Transfer 

As  remarked  in  §1,  there  is  considerable  practical  interest  ni  heat 
or  mass  transfer  to/from  the  surface  on  which  the  jet  inipinge\ 
Baughn  et  al  [1|  have  made  very  careful  Nusselt  number  mea 
suremeuts  for  dynamic  conditions  essentially  the  same  as  the  flow 
considered  in  §3  1  The  jet  temperature  is  the  same  as  the  am 
blent  fluid  and  a  uniform  heat  flux  is  applied  to  the  wall  Heie 
we  compare  the  measured  distribution  of  Nu  with  the  behavioui 
predicted  by  different  models 

The  model  for  thermal  turbulent  transport  is  as  follows  Acioss 
the  near-wall  viscous  layer  where  the  k  e  model  is  applied,  we  as 
sign  a  uniform  turbulent  Prandtl  number  of  0  9  (the  usual  value) 
Over  the  remainder  of  the  flow  transport  equations  for  the  turbu 
lent  heat  fluxes  are  solved  Where  the  stress  field  is  determined 
with  the  basic  model,  the  heat  fluxes  are  obtained  from  the  cone 
spending  model  of  thermal  turbulence  (6)  With  the  present  d> 
namic  model,  we  adopt  tiie  analogous  treatment  of  the  scalar-flu\ 
field  [3] 


beyond)  The  influence  rif  the  lurbiilcnr  heat  flii\  model  lu  tin- 
fully  turbulent  region  is  by  comparison  weak  For  this  reason  no 
attempt  has  been  made  here  to  devise  a  wall  correction  to  0,0 
analogous  to  eq  (9) 

First  It  IS  instructive  to  note  the  elfei  t  of  the  ^,tp  (oiiettioii  im 
the  f  equation  Fig  9  shows  the  iomputed  distnbiitioii  of  Niiwli 
number,  employing  the  present  model  without  wall  reflection,  with 
and  without  the  inclusion  of  the  source  term,  cq  (5)  Without  the 
term  the  stagnation  point  value  of  Nn  is  overestimated  bv  a  fai  loi 
of  4  This  result  is  broadly  in  accord  with  \dp’s  [12]  expetieiue 
for  heat  transfer  downstream  of  vii  abrupt  pipe  enlargement  The 
inclusion  of  the  term  reduces  Nti  considerably  though  the  heat 
transfer  coefficient  is  still  too  hign  by  30  60%  for  values  of  1  /D 
less  than  2  0  Such  a  departure  the  experimental  data  is  to 
b^  expected,  however,  for  we  have  seen  in  Fig  5  that  the  level  of 
(ti2ji/2  computed  with  the  basic  model  is  appreciably  too  high  at 
t/D  =  1  whereas  at  r/D  =  25  (not  shown)  it  is  in  reasonable 
accord  with  measurements 

The  computed  distribution  of  the  Nusselt  number  obtained  with 
the  present  model  is  shown  in  Fig  9  Agreement  with  the  measured 
profile  is  now  considerably  closer  though  for  r/D  <  2  the  average 
value  of  Nu  is  still  about  15%  above  the  experimental  data.  This 
discrepa^y  can,  we  suggest,  again  be  attributed  to  the  computed 
level  of  being  moderately  too  high  in  the  stagnation  region. 
Indeed,  the  marked  rise  in  Nu  that  the  experimental  data  exhibit 
from  r/D  s  1  S  to  2.2  is  plausibly  associated  with  the  measured 
increase  in  the  level  of  m  this  interval.  The  computations, 

which  fail  to  pr^ict  this  rise  in  iVu,  show,  consistently,  a  decrease 
m  the  level  of  (u*)*/*  over  the  same  interval. 

4  Conclusions 


-  £,«  (10) 

where  the  production  term  P,e  is  handled  exactly,  is  lepie- 

sented  by  the  GGOH  and  the  dissipation  is  assumed  isotropic 
{Ctt  =  0}  The  pressure  .scalar*gradient  correlation  is  obtained 
from 


♦,,=-1  7  [1  +  1  (u,9(l  4  0  6,4,)  -  0  8a.,u,« 
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(11) 


In  eq  (11)  the  time-scale_£alio  R  =  2c^Jt/(^l*c)  is  obtained  by 
solving  rate  equations  for  and  the  dissipation  rate  of  V2^ 
The  former  may  be  regarded exact  (save  for  the  GGDH  approx¬ 
imation  for  the  diffusion  of  9^)  while  the  latter  runs: 


dt 


16c„  2,6 


(12) 


It  is  the  case  that  for  this  flow  the  level  of  Nusselt  number,  partic 
ularly  near  the  stagnation  point,  depends  crucially  on  the  distri¬ 
bution  of  turbulent  thermal  difFusirjty  across  the  sublayer  (though 
this  in  turn  is  affected  by  the  Reynolds  stress  field  in  the  region 


The  following  conclusions  may  be  drawn  from  tlus  computational 
study  of  colliding  and  impinging  jet  flows 

•  The  new  second-moment  closure  for  free  shear  flows  intro¬ 
duced  at  TSF  7  performs  distinctly  better  than  the  widely 
used  basic  model  (6)  in  capturing  the  enhanced  spreading 
rate  of  the  radial  fountain  arising  from  the  collision  of  two 
opposed  coaxial  jets 

•  The  wail  correction  to  proposed  in  [6]  m  fact  produces 
a  change  in  the  near-wall  Reynolds  stress  levels  of  the  vjrong 
sign  in  the  case  of  a  stagnating  flow 

•  A  new  version  of  has  been  developed  m  the  present  study 
(eq  (9))  that  improves  performance  in  stagnating  flows  with 
out  detriment  to  the  behaviour  in  simple  shear 

•  The  great  importance  of  the  “Yap  correction",  eq  (5),  iii  Inn 
itmg  the  near-wall  length  scale  and  thereby  avoiding  exces¬ 
sive  levels  of  Nusselt  number  m  the  vicinity  of  the  stagnation 
point,  baa  been  confirmed 
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ABSTRACT 

Tha  tip  vortax  ihad  by  a  aingla  ractangular  NACA 
0012  wing  ia  baing  atudiad.  Halium  bubbla  flow 
viaualizationa  and  axtanaiva  hot-wira  valocity 
maaaurananta  hava  baan  parfonaad  ovar  a  wida  ranga  of 
conditiona  with  tha  intant  of  cavaaling  tha  far^fiald 
turbulanca  atructura  of  thia  flow. 

At  all  conditiona  tha  vortax  appaara  inaanaitiva 
to  proba  intarfaranca  and  ralativaly  atabla.  Soma  vary 
low  fraquancy  (fc/U^^^  0.005)  latacal  motiona  ara 
praaant  but  thaaa  hava  an  aaplituda  of  laaa  than  tS% 
of  tha  wing  chord.  Thaaa  notiona  doninata  turbulanca 
aaaauraoanta  mada  cloaa  to  tha  vortax  cantar.  Away 
from  tha  cantar  tha  affacta  of  tha  motiona  ara  much 
anallar,^  howavar,  and  tha  trua  turbulanca  atructura  ia 
viaibla Thia  ia  dooiinatad  by  tha  wing  wa)ca  which 
forma  a  apiral  around  tha  cora. 

INTRODUCTION 

Surpriaingly  littla  ia  known  about  tha  far-fiald 
turbulanca  atructura  of  wing-tip  vertieaa  daapita  tha 
fact  that  it  ia  important  to  many  applications.  This 
lack  of  kno«#ladga  ia  a  raault  of  tha  fact  that  tip 
vorticaa  gsnaratad  in  wind  tunnals  tand  to  ba  unatabla 
(saa  Bakar  at  al.  (1974),  Las  and  Schats  (1965)  for 
axamj la)  and  aansitiva  to  proba  intarfaranca  (saa 
Oaaparak(1960))«'  Usaful  valocity  and  turbulanca 
aaasuraoMnts  ara  thus  oftan  iiqposaibla  to  maka.  Ona 
solution  to  thia  problao  has  baan  to  maka  oaaaurasionts 
on  tha  wakas  of  full-seals  aircraft  (saa  raviaw  by 
Donaldson  and  Bilanin  (1975))*'  Howavar,  such  work  is 
difficult  and  usually  doss  not  yield  turbulanca 
maasuramants.  Another  solution  has  baan  to  use  a  split 
wing  configuration.  Hare  a  vortax  is  generated  at  the 
junction  between  two  wings  placed  tip  to  tip  at  equal 
and  opposite  angles  of  attack.  Although  this  type  of 
vortex  appears  more  stable  than  that  produced  by  a 
single  wing  it  does  not  have  the  sane  initial 
turbulence  or  mean-flow  structure,  since  it  is 
produced  by  the  roll-up  of  two  shear  layers  rather 
than  one,  and  is  presumably  influenced  by  the  wake  of 
tha  nacelle  that  is  commonly  used  to  join  the  two  wing 
tips.  The  turbulanca  structure  of  vortices  generated 
in  this  way  have  been  studied  by  Phillips  and  Oraham 
(1964)  and  Bandyopadhyay  et  al.  (1990). 

A  possible  exception  to  the  problems  of 
stability  and  sensitivity  in  wind-tunnel  generated 
vortices  lies  in  tha  work  of  Mason  and  Narchaan 
(1972).  They  ead<  moan-velocity  maasuramants  using  a 
5-hola  yaw  proba  on  a  tip  vortax  generated  by  a  single 
rectangular  NACA  0012-oaction  wing  placed  in  tha 
stability  Nind  Tunnel  at  Virginia  Tech.  Their  results 
suggest  that  thia  particular  vortex  was  comparatively 
stable  and  iusansitiva  to  probe  interference. 

The  aim  of  tha  present  investigation  is  to  make 
detailed  maasuramants  of  the  turbulence  structure  and 
spectral  properties  of  Mason  and  Marchman's  vortM 
over  a  range  of  conditions.'  The  investigation  has 
three  parts  consisting  of, 

(i)  helium  bubble  visualisations  to  examine  the 
stability  and  sensitivity  of  tha  vortax, 

(11)  single-point  msasursmants  of  maan- 
valocitiaa,  Reynolds  stresses  and  spectra, 

(iii)  two-point  msasuramsnta  of  correlations  and 
apactra. 

This  paper  dascribss  acme  of  tha  results  of  parts  (i) 
and  (ii). 

Turbulanca  maasuramants  made  In  this 
investigation  ara  to  ba  used  to  improve  methods  for 
the  prediction  blade-wake  interaction  noise  in 
helicopter  rotors  (Clegg  (1969)).  This  is  of  special 
interest  to  NASA  Langley  who  ara  sponsoring  this  work 
under  grant  NAO-1-1119. 


APPARATUS  AND  XK8TRUMBNTATION 

Only  abbreviatad  daacrlptiona  ara  given  here, 
for  full  details  aaa  Sharma  (1991)  and  Davenport  and 
Sharma  (1990). 

Wind  tunnel 

Bxparimanta  ware  performed  in  tha  Virginia  Tech 
Stability  Wind  Tunnel.  Thia  cloaad-circuit  facility  ia 
powered  by  a  600  horeapowar  axial  fan.  Zta  teat 
aaction  (figure  1)  hat  a  aquara  croaa  taction  (1.63m 
X  1.63m)  and  a  length  of  7.33m.  flow  in  tha  empty  teat 
aaction  ia  cloaaly  uniform  and  has  a  vary  low 
turbulence  intanaity  (<.05%,  aaa  Choi  and  Simpaon 
(1987)).  Ona  wall  of  tha  teat  aaction  has  a  number  of 
plaxiglaa  and  glsaa  windows  through  which  obaarvationa 
may  ba  mada. 

Nino  modal 

Maaon  and  Harchman'a  (1972)  wing  was  uaad.'  Thia 
has  a  ractangular  planform,  a  NACA  0012  aaction  and  a 
blunt  wing  tip.  The  chord  and  span  ara  .020m  and  .122m 
raapactivaly.  It  ia  mada  from  aolid  braes.  Tha  wing 
waa  mounted  vertically  at  tha  middle  of  tha  teat 
aaction  (figure  1),  tha  root  baing  bolted  to  a 
turntable  aaaambly  flushed  into  tha  upper  well  of  tha 
wind  tunnal.  Tha  turntable  allowed  tha  v.ng  to  b# 
rotated  to  any  angle  of  attack  about  its  quarter  chord 
location.  To  alininata  possible  unstsadiness  and  non¬ 
uniformity  resulting  from  natural  transition,  tha 
boundary  layer  on  tha  wing  waa  tripped.  For  flow- 
viaualiaationa  19mm-wida  strips  of  120-grada  sandpaper 
were  glued  to  both  aidea  of  the  wing,  with  their 
leading  edges  at  tha  quarter-chord  location,  for 
velocity  measuramenta  O.Snn-diamatar  glaaa  beads  wars 
glued  to  tha  wing  in  a  random  pattern,  covering  a 
atrip  extending  from  tha  20%  to  40%  chord  locations 
with  sn  avarsga  density  of  200  baads/cm^.  A  few 
velocity  measurements  were  also  pe'*formad  with  no 
trip. 


figure  1.  Bchamstlc  of  tha  Stability  wind  Tunnal  teat 
aaction  ahowing  tha  wing  (a),,  travaraa  gear  (b)  and 
coordinate  ayatam. 


To  •liminate  flow-induced  vibration  the  wing  was 
braced  at  its  mid  span  with  two  pairs  of  2.4fwn- 
diameter  steel  cables  stretched  horizontally  between 
the  wing  and  the  two  side  walls  of  the  wind  tunnel 
(figure  1).  These  cables  were  covered  with  a  4.8-mn 
thick  shroud  of  airfoil  cross  section  to  minimize  and 
stabilize  their  wakes. 

The  wing  was  initially  placed  at  zero  angle  of 
attacki  with  an  accuracy  of  about  t0.1°,  using  a 
removable  wing  tip  containing  46  static  pressure  taps. 
Other  angles  were  then  measured  relative  to  this 
position. 

LlPW-visualization  equipment 

Flow  visualizations  were  performed  using  a  Model 
3  helium  bubble  generator  manufactured  by  Sage  Action 
Inc.  The  generator  produces  helium-filled  bubbles  from 
a  probe  head  supplied  with  soap  solution,  air  and 
helium.  The  flow  rates  of  these  are  controlled  by  a 
series  of  valves.  In  the  present  expeiiments  the  valve 
se.  ngs  were  adjusted  so  that  moat  of  the  bubbles 
were  lighter  than  air  and  would  thus  centrifuge  into 
the  vortex  core.  Bubbles  were  injected  into  the  flow 
by  positioning  the  probe  head  O.S4m  upstream  of  the 
leading  edge  of  the  wing  tip.  To  minimize  flow 
interference  the  probe  stem  was  covered  by  a  22.5-nro 
thick  shroud  of  airfoil  cross  section.  At  no  time  did 
the  bubble  probe  have  any  visible  influence  on  the 
flow. 

A  Varian  arc  lamp  (Model  P150S-7>  supplied  by 
Sage  Action  Inc.  was  used  to  illuminate  the  bubbles, 
for  moat  visualizations  the  arc  lamp  was  mounted  in 
the  diffuser  t  action  of  the  tunnel  well  downstream  of 
the  test  sectxon.  Photogiaphs  of  the  bubbles  were 
taken  using  Mamiya  and  Canon  SLR  cameras  with  ASA  3200 
and  ASA  100  color,  and  ASA  3200  black  and  white  films., 
times  ranging  from  2  to  60  seconds  were  used. 


Hot-wire  anemometrv 

Single,  cross  and  triple  hot-wire  probes  were 
used.  All  sensors  were  operated  using  Dantec  56C01  and 
56C17  anemometer  and  bridge  units  Interfaced  through 
an  Analogic  HSOAS-12  A/D  converter  to  an  IBM  AT 
compatible  computer.  The  HS0A8-12  can  sample  4 
channels  simultaneously  at  rates  of  up  to  lOOkKz  per 
channel.’  Raw  data  was  linearised  and  processed  on  line 
using  an  18-8  laboratories  PL1250  array  processor  and 
also  stored  on  optical  disc  cartridges.  All  probes 

calibrated  before  and  after  each  traverse, 
corrections  for  temperature  drift  (typically  I  to  2®C 
per  hour)  were  applied  according  to  the  method  of 
Bearman  (1971). 

A  traversing  gear  mounted  in  the  wind  tunnel 
test  section  (figure  1)  allowed  the  horizontal  and 
vertical  positions  of  probes  to  be  controlled  from  the 
computer.  The  probe  holder,  a  23,6-bw  diameter  steel 
tube  aligned  with  the  free-stream,  positioned  the  tip 
of  the  probe  approximately  0.84m  upstream  of  the 
Two  6.2-nini  diameter  rods  were  used  to 
offset  the  axis  of  the  probes  from  that  of  the  holder 
by  I14ram  (see  figure  2(b)).’  Thus  the  probe  holder  did 
not  have  to  be  placed  in  or  near  the  vortex  core  for 
the  probes  to  be  positioned  there. 

The  single  hot-wire  probe  (TSI  type  1210T1.5) 
was  used  to  measure  profiles  of  mean  velocity  and 
turbulence  intensity  and  spectra  in  the  wing  boundary 
layer  as  it  left  the  trailing  edge.  The  cross  and 
triple  hot-wire  probes  (Dantec  types  55P5i  and  S5P91) 
were  used  to  measure  radial  profiles  of  all  mean 
velocity,  Reynolds  stress  and  triple  product 
components  in  the  vortex  at  20,  25  and  30  chordlengthe 
downstream  of  the  wing.  Auto  an-i  cross  spectra  of  all 
velocity  components  were  also  measured  at 
positions..  To  obtain  these  data 
It  wu  necMMry  to 
rot.t.  It  about  it.  axi.  in  atapa  of  45".  Thaaa 
rotation,  wara  accompiiahad  ualnj  a  computar- 
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controlled  stepper  motor  located  at  the  downstream  end 
of  the  steel  tube,  connected  to  the  probe  stem  by  a 
shaft,  sprocketa  and  a  timing  belt. 

The  axial  and  pitch  sensitivity  of  all  sensors 
of  the  cross  and  triple-wire  probes  were  measured  and 
taken  into  account  during  the  data  reduction,  see 
Sharma  (1991).  We  are  working  on,  but  have  not  yet 
implemented,  a  direct  angle  calibration  procedure  for 
the  triple-wire  and  corrections  for  the  finite  size  of 
the  triple  wire  measurement  volume  (2.6mm  in  width). 

For  cross  and  triple-wire  statistical 
oteasurements,  between  30000  and  90000  velocity  samples 
(dspending  on  local  turbulence  level)  were  taken  at 
each  probe  position  over  a  total  sampling  time  of 
about  so  seconds.  For  spectral  measurementa,  data  were 
collected  in  50,  10240‘point  records  at  a  30  )cHz 

sampling  rate.  At  selected  locations  10240-point 
records  were  also  measured  at  a  1  kHz  sampling  rate. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  coordinate  directions  {x,y,z) 
(u,v,w)  to  be  used  in  presenting  results.  The  origin 
of  the  streamwise  coordinate  'x*  is  the  leading  edge 
of  the  wing  tip  at  zero  angle  of  attack.  Coordinates 
'y*'  and  *z'  are  measured  from  the  nominal  vortex 
center.  Distances  are  normalized  on  the  wing  chord  'c'- 
and  velocities  on  the  nominal  free-stream  speed  U 
messured  using  a  pitot-static  probe  located  in  tM 
forward  part  of  the  test  section.  Angle  of  attack  a  is 
measured  rotating  from  the  x  to  the  z  axis. 

Flow  visualizations  and  velocity  measurements 
were  performed  at  Reynolds  numbers  (Rs.  ■  u_,c/v)  from 
130000  to  530000,  angles  of  attack  from  0  to  2.5®  und 
streamwise  positions  (x/c)  from  20  to  30.  A  full  list 
of  conditions  is  given  in  table  1.  Bscsuss  of  the 


-  13C<>00.‘  (s)  Bids  view  of  the  vortex  at  x/e  ■  20  witfi 
the  wing  st  5®  angle  of  attack  (a),  (b)  Side  view  of 
the  vortex  st  x/c  •  30,  a  ■  5®  in  the  presence  of  the 
dummy  probe,  (c)  i^iew  of  the  vortex  from  downstream, 
a  •  7.5®. 


voluiM  of  'sultf,  only  a  ropraaontatlve  •ampl*  will 
bo  proaor  r-  .  ditcusaod  horo.  Not*  that  aomo  of  tho 
voloclty  moaauromonta  liatod  in  tablo  1  aro  atlll  in 
tha  proceaa  of  bolng  raducad  and  analyaad. 

now  vlluallutlofu 

Tha  purpoaa  of  tha  f low-vlaualisatlona  waa  to 
axamina  tha  atablllty  of  tha  vortax  and  ita 
aanaitlvity  to  proba  Intarfaranca.  A  dunny  proba, 
attachad  to  tha  travaraa  gaar,  waa  uaad  to  ainulata 
tha  affacta  of  tha  croaa  and  trlpla  hot-wlra  probaa  on 
tha  vortax.  Photographa  wara  takan  with  tha  proba  at 
poaitiona  inaida  and  outaida  tha  vortax,  and 
travaraing  through  tha  cora  at  appcoxinataly  lOnsn/a. 

Plguraa  2(a,  b  and  c)  ara  long-tima-axpoaura 
photographa  of  tha  vortax  in  tha  praaance  and  abaanco 
of  tha  dummy  proba  at  Ra^  •  130000.  Whila  thaao 
photographa  hava  baan  aalactad  for  thair  clarity,  thay 
ara  rapraaantativa  of  tha  flow  pattarna  aaan  at  all 
othar  conditiona.  In  all  thraa  picturaa  tha  flow  ia 
from  right  to  laft.  Plguraa  2 (a  and  b)  wara  takan 
through  tha  tranaparant  alda  walla  of  tha  taat 
aaction.  Pigura  2(c)  waa  takan  from  Inaida  tha 
diffuaar  looking  upatraam.  Nota  that  thaaa  picturaa 
ara  not  inatantanaoua  viawa  of  tha  flow.  Thay  ara 
viawa  avaragad  ovar  tha  axpoaura  ^ina  of  2  or  4 
aaconda.  Aa  a  raault  tha  patha  followad  by  tha  bubblaa 
appaar  aa  atraaka. 

Tha  cantar  of  tha  vortax  ia  aaan  in  tha  photoa 
aa  a  atraight  lina  ganaratad  by  tha  atraaka  of  tha 
lightar-than-air  bubblaa  paaaing  along  it  or 
cantrifuging  into  it.  In  all  tha  photographa  thia  lina 
appaara  to  hava  a  finita  dianatar.  Thia  ia  moat  likaly 
a  raault  of  amall  lataral  motiona  of  tha  vortax  cor*. 
Tha  extant  of  thaaa  motiona  may  ba  aatimatad  by 
comparing  tha  lina  diameter  with  tha  dimenaiona  of  the 
dummy  proba.  In  none  of  tha  photographa  do  tha  lataral 
motiona  appaar  greater  than  to. 047c  (t  tha  diameter  of 
tha  main  part  of  tha  dummy  ptoba).  Tha  frequency  of 
thaaa  motiona  appaara  to  ba  low  ainca  auccaeeiva 
bubble  atraaka  along  the  center  of  the  cora  ara  almoat 
parallel  (figure  2(a)). 

Nona  of  the  photographa  ahow,  and  at  no  time 
ware  we  able  to  diacern  by  eye  any  influence  of  tha 
dummy  proba  on  the  bubble  atraaka  at  or  cloaa  to  tha 
proba  tip  (the  meaauramant  point).  Pigura  2(b)  doaa 
ahow  aoma  influence  of  tha  proba  on  tha  bubble 
atraaka,  but  only  wall  downetraam  of  the  tip. 

Ytigg.itY.  mtMUIMfnU 

Table  2  auiKiaritai  meaauramante  made  at  tha  wing 
trailing  edge  with  the  aingla  hot-wire  proba.  Nota 
that,  at  all  but  the  lowaat  Reynolda  number,  tha 
boundary  layer  leaving  both  aidea  of  tha  wing  was 
fully  turbulent. 

Pigura*  3  through  6  show  maan-valocities, 
Reynolds  atraasaa  and  spactra  measured  with  the  cross 
and  triple-wire  probaa  during  a  z-wiaa  traverse 
through  tha  canter  of  tha  vortax  at  x/c  ■  30,  Re.  • 
400000/  a  ■  5^  with  tha  trip  attached.  This  sat  of 
conditions  will  be  referred  to  as  the  basalina  case.- 
Note  that  the  center  of  tha  vortax  was  located  before 
each  traverse  by  searching  for  the  point  of  zero  moan 
M  and  V  component  velocities.  Analysis  of  tha  results 
from  the  travaraaa  themsalvea  auggsata  that  tha  vortax 
cantar  was  located  with  an  accuracy  of  batter  than 
t2mm  (iO.Olc) . 

In  the  vicinity  of  tha  vortex  center  (figure 
3(a))  thr  mean-velocity  field  much  aa  would  ba 
expected  given  tha  results  of  Mason  and  Marchman 
(1972).  The  tangential  valocitias  associated  with  tlw 
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Stats 

0 

S 

400000 

0.044 

Turb 

P 

0.044 

Turb.. 

2.5 

s 

400000 

0.049 

Turb. 

p 

0.040 

Turb. 

5.0 

s 

130000 

0.05' 

Trans. 

p 

''.sl34 

Trans.. 

s 

260000 

0.052 

Turb. 

p 

0.036 

Low  Ra  Turb. 

s 

400000 

0.052 

Turb. 

p 

0.037 

Turb. 

s 

530000 

0.055 

Turb. 

p 

0.037 

Turb. 

7.5 

s 

400000 

0.069 

Turb. 

p 

0.034 

Turb 

Table  2.  Soun  y-layar  thickness  (4)  and  stats  at  tha 
wing  trailing  edge  with  tha  trip  at  various  angles  of 
attack  (a).  (S)  -  suction  aids,  (P)  -  praasure  side. 
State  inferred  from  maan-valocity  and  turbulence 
intensity  profilaa. 


vortax  ara  claarly  visible  in  the  H  component  profile. 
Thaaa  incraasa  to  a  peak  at  ths  edge  of  tha  vortax 
cora,  which  appears  to  have  a  diameter  of  about  .09c. 
Tha  amall  core  size  ia  circumstantial  evidence  for  tha 
relative  stability  of  the  vortax  and  its  insensitivity 
to  probe  interference.  The  U  profile  shows  an  axial 
velocity  deficit  of  about  0.12U^  ^  hare.  Tha  normal  and 
shear  stress  profiles  (figures  3(b  and  c))  are 
d^inatad  in  t^s  region  by  a  strong  central  peaks. 

and  by  far  the  largest  normal 
atraasaa,  reach  peak  values  of  0.019  (14%  turbulence 
intensity)  and  0.012  (lit  turbulancs  intensity). 
-vw/Ur«/,  by  far  tha  largest  shear  stress,  reaches  a 
value  of  0.006. 


•0  10  -0  05  0  00  0  05  0  10 


Pigura  3.  Velocity  profilaa  measured  with  tha  cross- 
wire  proba  in  tha  vicinity  of  the  vortex  cora 
nomalizad  on  U  f.  Rasalina  case.'  (a)  Mean  velocities, 
(b)  Reynolds  normal  atraasaa.  (c)  Rayeolds  shear 

atraasaa.. 
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Th«i«  large  atraaaea  ara  quantitatively  and 
qualitatively  eonaiatent  with  the  email  lateral 
mot  lone  of  the  vortex  obearvad  in  the  flow 
vieualizatione  and  the  ataep  H  gradient  in  the  core. 
They  are  clearly  not  reMeaentafeiva  of  turbulence 
etructure.  The  fact  that  and  w^  are  not  equal  and 
'vw  ia  not  zero  at  the  vortex  canter  indicataa, 
aurpriaingly*  that  the  motiona  are  not  iaotropic  but 
have  a  preferred  direction. 

The  effects  of  the  vortex  motiona  can  alao  be 
clearly  seen  in  velocity  power  spectra  measured  at  the 
vortex  center  (figure  4).  These  spectra  are  plotted  in 
terms  of  non-dimensional  frequency  ^t/U  where  f  ia 
in  Hertz.  Because  of  the  implied  scales  it  is  unlikely 
that  turbulent  velocity  fluctuations  are  associated 
with  frequencies  much  below  fc/U^^f  •  2.  However/  this 
ia  where  the  spectra  contain  the  vast  bulk  of  their 
energy.  The  peak  frequency  of  the  vortex  motions 
responsible  for  this  energy  is  remarkably  low  -  about 
0.005.  This  implies  a  streaawiae  length  scale  of  about 
200  chord  leng'.ha  (40ffl).  Corresponding  cross  spectra 
show  a  strong  coherence  bettaien  V  and  H  velocity 
fluctuations  between  fc/U^^l  «  0.001  and  0.1.'  This  is 
consistent  with  the  anisotropy  of  the  motions  apparent 
in  the  Reynolds  stresses.  While  the  distinction 
between  the  unsteadiness  and  turbulent  parte  of  the 
spectra  plotted  in  figure  are  not  that  clear/  it 
seems  likely  that  moat  of  the  energy  above  fc/U^^  >  2 
is  a  result  of  turbulent  fluctuations.  Reprocessing 
the  raw  data  using  a  filter  to  extract  this  energy  it 
may  be  one  way  to  deduce  the  Reynolds  stresses 
associated  with  the  true  turbulence  structure  of  the 
core. 

Away  from  the  vortex  center  the  effects  of  the 
motiona  are  smaller  and  the  true  turbulence  structure 
is  visible  (figure  S).  However,  this  structure  is 
somewhat  different  from  that  we  had  expected.  Here  the 
measurements  show  two,  if  not  three,  distinct  half 
turns  of  the  wing  wake  as  it  spirals  around  the 
vortex.  These  appear  as  peaks  in  the  normal-  and 
shear-stress  profiles  (figures  S(b)  and  (c))  and 
inflections  and  depressions  the  W  and  U  profiles 
(figure  S(a))  respectively,  centered  at  z/e  >  ♦.TS, 
-.31  and  +.19.  In  contrast  to  the  results  and 


f  c/Uref 


figure  4.  Velocity  autospectra  measured  at  the  center 
of  the  vortex  in  the  baseline  case  using  the  triple- 
wire  probe. 


discussions  of  previous  workers  studying  split-wing 
vortices  (in  particular  of  Phillips  and  Graham  (1984)) 
there  appears  to  be  little  or  no  region  surrounding 
the  core  where  successive  turns  of  the  wing  wake  have 
merged  to  form  a  continuous  axisymmetric  structure. 
This  may  reflect  differences  in  the  lift  distributions 
w  the  wings  or,  alternatively,  may  be  an  important 
difference  between  split  wing  and  single  wing 
vortices.  Since  the  former  are  associated  with  the 
roll  up  of  two  spiral  wakes  rather  than  one  we  might 
reaeonably  expect  them  to  produce  a  much  larger 
axisymmetric  region  of  merged  turbulent  flow. 


figure  5.'  Velocity  profiles  measure  with  the  cross- 
wire  probe  over  the  entire  vortex,  normalized  on 
Baseline  case,  (a)  Mean  velocities,  (b)  Reynolds 
normal  atressea.  (c)  Reynolds  shear  stresses. 


Th«  behavior  of  thm  tuy^lonco  ttrostM  in  th* 
■pir«l  w«k«  it  worth  noting,  vT  l»-^«tliy  th«  i^gott 
I!  typically  1.5  timaa  u*  and  twlca  Tha 

nagnitudt  of  tha  normal  atraeaaa  falla  by  about  40%  on 
aach  half  turn  of  tha  ifiBiral,  Tha  ahaar  atraaaaa 
(flgura  5(c)),,  of  which  -uw  la  tha  largaat,  drop  avan 
roora  rapidly.  This  may  indicata  that  tha  graatar 
circumfarantial  thaar  axpariancad  hy  tha  wing  waka 
towarda  tha  vortax  cantar  inhibltt  tha  davalopmant  of, 
l«rga  atraia-producing  turbulant  addiaa. 
Thia  conjactura,  howavar,  ia  not  antiraly  aupportad  by 
•P*®^*^*  taaaaurad  in  tha  apiral.  Pigura  4 
«owa  autoapactra  of  w-componant  valocity  fluctuationa 
t  aithar  aida  of  tha 

2nd  half  turn  of  tha  apiral  waka  (aaa  flgura  5(b)). 
Nota  that  tha  diaerata  paaka  in  thaaa  apactra  at  non- 
«r^«nciat  (fe/U  .)  abova  20  ara  tha 
raault  of  alactrical  noiaa.viaibla  bacauaa  of  tha  low 
oyarall  turbulanca  lavala.  Oaapita  tha  aubatantial 
diffaranca  in  turbulanca  lavala  at  thaaa  locationa  tha 
apactra  ara  almoat  identical .  Thay  both  hava  broad* 
^aka  cantarad  at  about  fc/U,.,  -  2,  corraaponding  to 
a  atraanwiaa  length  acaia  (aaauming  Taylor 'a 
hypothaala)  of  about  e/2,  a  diatanca  approx inataly 
equal  to  tha  width  of  tha  wing  waka  at  x/c  *30.  it  ia 
an  open  quaation  aa  to  whether  aueh  large  atructuraa 
truly  do  axiat  in  thia  region  of  high  circumfarantial 
velocity  gradient.  Two-point  valocity  naaauraaanta, 
due  to  be  made  in  tha  near  future,  ahould  be  able  to 
ana%#ar  thia  quaation. 

velocity  MuurMwnta  mad.  at  othar  condition, 
in  tabla  1  ravaal  a  flow  atructura  qualitativaly 
‘’•••I*'"*  =•«•  Soma  quantitatlva 
affacta  ara  worth  noting/ 

-  tha  core  aiza,  aa  indicated  by  tha  mean 
circufflfarantial  valocity  maaauramanta,  appaara  almoat 
independent  of  Raynolda  number,  angle  of  attack  fi.a. 
circulation)  and  wing  trip.  Tha  incraaaa  In  core 
^amatar  with  atraamwiaa  poaition  ia  alow  being  no 
more  than  about  0.006c  between  /(/e"20  and  30. 

*';•  l“'-«'*9uancy  unataadinaaa  of  tha  vortaa 
appaara  alailarly  ani.otrople  at  all  conditiona.  It 
incraaaaa  in  magnituda  with  diatanca  downatraain  but 

It*  variation 
It  bain?  graatar  at 
at‘*l  *i°40000o"^  '**"  **'  *  •"'*  510000  than 

►k.  .  7  ‘r*  Olatanca  batwaan  auccaaaiva  half  turna  of 
wah.  incraaioa  with  diatanca  downatraaa  and 
angla  of  attack,  an  would  ba  aapactad.  It  dona  not 
•PP***^  Influenced  by  othar  faetorc. 
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flgura  6.  Auto  apactra  of  w  cooponant  valoclt, 
on  S'  *  proba.  laaalina  caaa.  apactra  noroallaat 


-  turbulanca  lavala  in  tha  apiral  waka  dacraaaa 
alowly  with  diatanca  downatraam.  otharwiaa  thay  appear 
to  be  atrongly  dapandanc  on  tha  propartiao  of  tha  wing 
boundary  layera.  Hoat  notably,  removing  tha  wing  trip 
at  Ra^  produced  a  60%  reduction  in  turbulanca  normal 
atraaaaa  in  tha  waka  at  x/c  •  30. 

CONCLUSIONS 


0012  wing  ia  being  atudiad.  Helium  bubble  flow 
viaualizationa  and  axtanaiva  hot-wire  valocity 
maaauramanta  hava  bean  performed  with  tha  intent  of 
revealing  tha  far-fiald  turbulnnca  atructura  of  thia 
flow.  Haaauramanta  hava  bean  mada  at  Raynolda  numbara 
130000  to  400000,  atraamwiaa  poaitiona  from 
from^O  to  7^*5®*”^  tha  wing  at  anglaa  of  attack 

At  all  conditiona  flow  viaualizationa  ahow  tha 
vortax  to  ba  i.  lanaitiva  to  proba  intarfaranca  at  tha 
maaauramant  point.  It  ia  alao  ralativaly  atabla.  Soma 
vary  low  frequency  (fc/U^,^  -  0.005)  lateral  motiona 
are  praaant  but  thaaa  hava  an  amplitude  of  laaa  than 
15%  of  tha  wing  chord.  Intaraatingly,  thaaa  motiona 
hava  a  preferred  direction. 

Despite  their  small  magnitude  tha  lateral 
motiona  dominate  turbulanca  maaauramanta  mada  close  to 
tha  vortax  canter,-  Maan-valocity  profiles,  howavar, 
clearly  ahow  tha  core  which  at  x/c  -  30  has  a  diamatar 
0.09c.  Away  from  tha  vortax  canter  tha 
•***®^*  the  motiona  is  much  amallar  and  tha  true 
turbulanca  atructura  la  vialbla.  Thia  la  domlnatad  by 
the  wing  waka  which  forma  a  apiral  around  tha  cora.  In 
contrast  to  tha  raaulta  of  pravioua  workara,  there 
•PP***^*  to  ba  little  or  no  region  surrounding  tha 
core  where  auccaaaiva  turns  of  tha  wing  waka  marge  to 
form  a  continuous  axlaymmatric  atructura.  Turbulanca 
Shear  and  normal  atraaaaa  within  tha  apiral  waka  fall 
••  tha  vortax  cantar  ia  approached  auggaating  that  tha 
circumfarantial  ahaar  generated  by  tha  vortax  inhibits 
or  breaks  up  tha  larger  straaa-producing  addiaa. 

to  ba  reduced 

and  analyzed.  Included  hare  ara  long-time  record 

®»ntar  and  in  tha 

outer  part  of  the  vortax.  These  data  should  ravaal  tha 
position  of  the  vortax  as  a  function  of  time,  and  may 
ultimately  enable  ua  to  alininata  tha  contribution  of 
the  vortax  motiona  to  tha  turbulanca  maaauramanta  mada 
in  tha  cora. 
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ABSTRACT 

Data  obtained  from  three-component  laser  Doppler  ve- 
locimclry  (LDV)  in  the  unsteady  tip  vortex  behind  a  rectan¬ 
gular  NACA0015  wing  oscillating  siniisuidatly  m  pitch  about 
its  quarter-chord  axis,  are  presented  These  instantaneous 
LDV  data  have  been  used  to  obtain  information  on  the  dis¬ 
tribution  of  phase  locked  velocity  and  vorticity  components 
across  the  vortex,  as  well  as  the  phase  locked  circulation  asso¬ 
ciated  with  the  vortex  Some  data  on  the  turbulence  intensity 
111  the  vortex  have  also  been  presented  The  data  indicate  that 
the  oscillating  vortex  flow  is  significantly  non-quasi-steady 
Many  of  the  detailed  data  obtained  in  this  study  ate  the  first 
of  then  kind  and  have  been  archived  for  possible  future  use 
as  a  database  on  unsteady  turbulent  tip  vortex  flows 

INTRODUCTION 

The  study  of  the  structure  of  the  unsteady  longitudi¬ 
nal  vortex  (the  so  called  'wing-tip  vortex”)  in  the  near  wake 
behind  a  rectangular  wing  has  important  practical  applica¬ 
tions,  notably  in  helicopter  aerodynamics  Elow-visuahzatioii 
studies  in  steady  flow  behind  a  stationary  wing  have  shown 
that  Ml  the  near-wake  region  (0  <  x/e  <  1)  of  the  wing 
tip,  the  flow  IS  characterized  by  the  rolling  up  of  the  shear 
layer  coming  out  of  the  trailing  edge,  into  a  spiral.  The 
flow  in  this  region  is  highly  three-dimensional  and  exhibits 
strong  spatial  velocity  gradients  A  comprehensive  project 
to  study  the  dynamics  of  this  roll-up  process  in  steady  and 
unsteady  flows  is  currently  in  progress  at  Washington  State 
University.  The  results  on  the  steady  flow  have  been  reported 
elsewhere  (Zheng  and  Ramaprian  1991)  The  present  pa¬ 
per  reports  the  results  from  the  unsteady-flow  experiments 
While  there  have  been  several  qualitative  flow-visualization 
studies  on  unsteady  wing-tip  vortices,  such  as  those  of  Frey- 
iiinth  (1987)  and  Freymuth,  Finaish  and  Bank  (1985,  1986), 
and  on  unsteady  three-dimensional  flows  over  wing  surfaces 
sluh  as  those  of  Adler  and  Luttges  (1985),  Gad-el-Hak  and 

110  (1986)  and  Freymuth  (1989),  there  are  no  detailed  quan¬ 
titative  data  on  unsteady  wing-tip  vortices  reported  in  the 
literature,  to  the  best  of  our  knowledge  Phase-locked  mea- 
Mirements  of  velocity,  vorticity  and  turbulence  are  reported 

111  this  paper  The  ultimate  objective  of  the  present  on-going 
research  project  is  the  understanding  of  the  process  of  in- 
tei.iction  between  the  longitudinal  tip  vortex  and  the  span- 
wisi'  leading-edge  vortex  under  conditions  of  dynamic  stall  in 
tliiee  dmiensional  unsteady  flows.  The  data  can  also  be  used 
to  model  the  near  wake  in  the  wlng-tip  region  more  accurately 
than  has  been  possible  in  the  past 

experimental  DETAILS 

I  lie  experiments  were  conducted  in  a  low-speed  wind 
tunnel  of  test  section  1  m  x  I  m  in  cross  section  The  model 
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Figure  I  The  experimental  set  up 


tested  was  a  rectangular  wing  of  NACA  0015  profile  with  a 
chord  (c)  of  30  cm  and  a  semispan  of  60  cm  The  wing  was 
oscillated  sinusoidally  iri  pitch  about  its  quarter-chord  (c/4) 
axis  by  a  Scotch- Yoke  Mechanism  driven  by  a  speed-regulated 
p  C  motor  The  mean  angle  of  incidence  (o)  was  10  degrees 
The  amplitude  (Act)  and  frequency  of  oscillation  (/)  were  5 
degrees  and  1  Hz.  respectively.  At  the  tesl-section  velocity 
(Uoo)  of  about  8  m/s,  tins  oscillation  frequency  corresponds  to 
aTeduced  frequency’  k  =  irfclU^  «  0  1,  winch  is  relevant  to 
helicopter  rotor-blade  dynamics  The  mean  Reynolds  iiiirnber 
of  the  flow  ill  the  tunnel  was  about  1,80,000 

A  three-color,  six-beam,  fiber-optic  based  LDV  syslem, 
inoiiiited  on  an  automated  three-diniciisional  traverse  was 
used  to  obtain  the  three  components  of  velocities  in  the  flow 
field  to  a  resolution  of  0  2  mm  x  0,1  mm  xO  1  mm  The 
expel  imcntal  set-up  and  coordinate  directions  are  shown  in 
Fig  I 

The  seeding  for  LDV  measurements  was  provided  by  in¬ 
troducing  fine  water  particles  from  an  ultrasonic  humidifiei 
through  perforations  on  the  pressure  side  of  the  wing  surface 
Information  of  the  phase  angle  and  instantaneous  direction  ( 
viz  ,.  “up”  or  “down”)  of  motion  of  the  wing  during  the  os¬ 
cillating  cycle  was  obtained  from  an  optical  encoder  (which 
had  a  resolution  of  4096  parts  per  revolution)  mounted  on 
the  pitching  axis.  This  was  recorded  simultaneously  with  the 
velocity  signals  from  the  three  LDV  frequency  counters  The 
instant  aneous  velocities  were  subsequently  ensemble  averaged 
over  a  large  number  of  oscillation  cycles  (ranging  from  89  to 
.500)  to  obtain  phase-locked  averages  of  the  flow  iiroper’ies 
at  various  phase  positions  during  the  cycle  '1  he  results  pie 
senletl  in  this  paper  were  obtainerl  at  the  downstream  location 
(t )  of  ,30  ern  corresponding  to  j/c  w  1  Measuiements  were 
obtained  across  the  vortex  (in  the  y  -  :  plane)  at  about  500 
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Figure  2  The  measurement  grid 


lal«T  tranvnnttcd  o\rr  ethrmct  to  a  MASS(’OM}*  5ti00 
tonipulcr  for  processing  and  display,  riie  data  presented  in 
tins  paper  were  obtained  from  a  very  long  experiment,  whirh 
i<in  in  a  fulK  automated  mode  for  nearly  a  week 

1  he  instantain’oij-'  veiotitv  d.it.i  li.uc*  been  analv/ed  us¬ 
ing  the  well  known  pniiople  of  double  di  ( otii|)osthon  (mi 
for  example.  Mcnendez  and  Uamapnan  11)89)  An>  instanta¬ 
neous  flow  property  ^{T,y,z,t)  is  thus  represented  b> 

‘h(r, »/.  r.o.  /)  =<  ^  >  ( j.  7.  ;.n)  -f  fi>(  r,  i/.c,  o,  0  (1 } 

when*  <  <1»  >  IS  the  ensemble  awtaged  oi  the  phase  locked 
component  <ind  <p  the  tandoin  (oiiiponent  of  ‘I*  The  phase- 
locked  component  is  obtained  by  aveiaging  the  instantaneous 
\al(ies  ineasuied  at  the  same  angle  of  incideiue  during  a  nuin- 
bc’i  of  diffcTent  oscillation  cvtles  'I'lie  instantaneous  random 
component  <»  is  then  obtained  from  eq  (1)  'I'he  mean  square 
tuibulent  intensity  is  obtained  as  [<  <^>''  >]?, 

whete  the  symbols  <>  denote  ensemble  averaging  as  defined 
above  Note  also  that  by  averaging  the  ensemble-averaged 
piopeities  over  a  complete  oscillation  cycle,  one  can  obtain 
the  tune  averaged  property. 


points  winch  formed  a  fine  grid  The  grid  size  and  distribution 
weie  selected  so  as  to  span  the  legion  of  significant  vorlicity 
dming  the  entire  oscillation  cycle  and  provide  a  spatial  res¬ 
olution  adequate  for  the  evaluation  of  the  vorticily  vector 
Figuie  2  shows  the  grid  used  in  the  present  measurements 
In  tins  paper,  the  vorticity  components  uiy  and  have  been 
obtained  by  assuming  d  <  U  >  jdx  to  be  nearly  zero  This 
approMinalion  will  be  dropped  as  data  at  several  downstream 
iocaltons  become  available  in  the  near  future 

The  data  from  tlie  LDV  and  the  encoder  were  acquired 
oil  an  IBM  PC  based  data  acquisition  system  The  data 


RESULTS 

The  extensive  amount  of  detailed  information  obtained 
by  piocessing  the  LDV  data  has  been  stored  on  tape  Only 
some  typical  results  will  be  presented  and  discussed  here 

Velocity  Distribution  within  the  Vortex 

Giey  level  shaded  Contours  of  the  phase-locked  longi 
tud'n.d  velocity  <  V  >  across  the  tip-vortex  aie  shown  in 
bigs  3(a)  and  3(b)  for  six  typical  instantaneous  angles  of  ui 
ridence  fre^m  5  to  15  degrees,  bigiire  3(a)  corresponds  to 
ihe  "pitch  up”  situation  (increasing  q).  while  Fig  3(b)  cor* 


Figure  3  Contours  of  <  f/  >  within  the  vortex  for  «  =  5,7,9,  11, 13 
and  15  degrees.  a)Pitch'Up.  b)Pitch'down.  Minimum  contour 
value  is  0.65.  Contour  interval  is  .05. 


-  — i 


/  /  f 

!///■'  .. 

'/'  Ilf'  _ :. 

/  !  //'  / 

M  I  /  I  1  f  I  I  ,  . 

1  \  !  \  1  M  ' 


-0  1  r 


'  y  /■  ■ 


:  \  \  \  V  ^  \  N  ) 

,  \  \ ' \ \ \ N sv^: ' '  / 

I  \  \  \  ''  1 

\  \  \  "^  \  \  \x- 

\  \  \  '  \NVNX. 

\  \  ^  Wnsv^- 
WW  NV.'.v-- 


•\\\\\\\\ 
\  \  \  \  A  \  .' 


a 


'^\v  ' 


^  ,^'fi,  'I 
>  /  / 1  / 
•'  y'  /  y  / 


0  1 
y/e 


-0  I 


01 

y/c 


(b) 

Figure  4  Typical  distribution  of  the  cross  stream  velocity  vector 
{j  <V  >  ■>('k  <W  >)'foras  10  degrees.  a)Pitch-up.  Maximum 
magnitude  ft  0  4t/oo.  b)Pitch-down.  Maximum  magnitude  ft 

0  Woo- 


u'S()()mis  to  the  ‘'pitch-down"  situation  (decreasing  q)  It  i. 
sron  that  in  both  cases,  the  velocity  in  the  interior  of  the 
voitox  IS  generally  lower  than  in  the  fiec^tieam  llowev'  , 
certain  interesting  features  of  the  flow  are  very  strongly  ej- 
parent  For  example,  it  is  clearly  seen  that  the  decrease  of 
vi-locity  IS  not  monotoriic  across  the  vortex  from  the  nm  to¬ 
wards  the  center  Rather,  spirals  of  low  velocity  can  be  easily 
distinguished  in  the  contours,  even  though  in  some  cases,  they 
are  “broken"  These  spirals  correspond  to  the  shea’-  layer 
fioni  the  inboard  regicns  of  the  flow,  which  is  m  a  process  of 
lolling  up  to  form  the  axial  tip  vortex  One  can  also  notice 
roiitoms  of  velocity  higher  than  the  local  freestream  veloc¬ 
ity  These  are  also  associated  with  the  flow  arriving  into  the 
voitex  from  ••egions  of  high  velocity  in  the  suction  side  of  the 
inboaid  regions  of  the  wing  Another  significant  feature  that 
can  be  seen  from  these  figures  is  the  non-quasi-steady  na¬ 
ture  of  the  flow,  n  vmely,  that  the  flow  structure  at  any  given 
angle  of  incidence  is  different  for  pitch-up  and  pitch-down  sit¬ 
uations  In  other  words,  the  instantaneous  flow  “remembers” 
the  wing  loading  history  it  passed  through.  The  spiral  is  far 
more  organized  and  the  flow  more  nearly  axisymmetnc  during 
most  part  of  the  pitch-up  motion  than  during  the  pitch-down 
motion  This  difference  is  due  to  the  fact  that  during  the 
pitcli-up  motion  the  boundary  layer  over  the  inboard  regions 
of  the  wing  tends  to  remain  attached  to  the  surface  resulting 
’ll  a  wak'  that  is  less  turbulent  and  better  organized  This 
^hcar  Uver  rolls  up  into  the  tip  vortex.  The  flow  over  the  wing 
hiring  the  pitch-down  motion  tends  to  detach  itself  from  the 
siiif?)(p,  especially  at  the  larger  values  of  a.  This  results  in  a 
mo  e  turbulent  and  disorganized  wake  that  rolls  into  the  tip 
/oi  t-’X  These  changes  do  not,  however,  manifest  neither  im- 
nedir'tcly,  nor  without  distortion  at  the  measuring  station 
This  due  to  the  lag  introduced  by  the  time  requ.red  for 
the  effects  to  be  convected  from  the  originating  regions  to 
the  rnea.'  urement  location,  as  well  as  due  to  hystcrisis  effects 
Henrc,  there  is  no  dear  one-to-one  correspondence  between 
the  result^  for  the  pitch-up  and  pitcli-down  motions  Also, 

I'.oii-v-Oi  lespundence  cannot  be  explained  as  the  result  of 
<i  simple  phase  shift  This  non-quasi-steady  behavior  of  the 
flow  IS  an  important  feature  that  can  be  observed  in  alt  the 
flow  properties  studied 

'I’ypical  dis'ributions  of  the  phase-locked,  cross-stream 


velocity  vectors  (^  <  K  >  >)  acioss  the  vortex  are 

shown  in  Figs  4(a)  and  4(b)  The  figures  refer  to  an  instan- 
Uneoiis  angle  of  incidence  of  10  degrees  Figure  4(a)  corre¬ 
sponds  to  the  pitch-up  motion  of  the  wing  and  Fig  4(b)  to  the 
pitch-down  motion  The  magnitude  of  the  cross-stream  veloc¬ 
ity  IS  shown  by  the  length  of  the  airow  m  these  figures  The 
axis  of  oscillation  of  the  wing  is  shown  by  the  dashed  straight 
line  in  each  figure.  Once  again,  departure  from  quasi-steady 
behavior  is  clearly  seen  both  with  respect  to  the  location  of 
the  center  of  the  vortex  and  the  distribution  of  the  velocity 
vectors  across  the  vortex  The  magnitude  of  the  cross-stream 
velocity  vectors  was  found  to  be  of  the  order  of  0  Woo 

From  plots  like  Figs  4(a)  and  4(b)',  one  can  locate  the 
center  of  the  tip  vortex  with  reasonable  accuracy  It  wa« 
found  that  the  spanwise  coordinate  of  the  vortex  center  es¬ 
sentially  remained  constant  during  the  entire  oscillation  cycle 
at  approximately  0  Ic  in  board  of  the  wing  tip  The  vortex 
center,  however,  moved  up  and  down  during  the  cycle  Figure 
5  shows  the  z—  coordinate  of  the  vortex  renter  as  a  function 
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Figure  6  Distribution  of  <  w,  >  across  the  vortex  for  o  =s  5,  7,  9,  1 1 
13  and  15  degrees.  Minimum  contour  value  is  >30  Contour 
interval  is  2.0.  a)Pitch‘Up.  b)Pitch*down. 
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Figure  7  Typical  distribution  of  the  cross-stream  vorticity  vector 
(J  <  Wy  >  <  ufz  >)  across  the  vortex,  a  =  10*^.  a)Pitch-up. 

b)Pitch-down.  Maximum  magnitude  of  vorticity  as  0  2  <  w,  >( 
in  both  case. 


of  tone  during  the  oscillation  cycle  While  »ho  up  and  down 
HKition  of  the  vortex  center  corresponding  to  a  similar  mo¬ 
tion  of  tlie  wing  tip  IS  expected,  it  is  interesting  to  note  the 
pliasc  difference  bclvscen  tlie  two  motions  Also  significant  is 
the  flistorlion  from  the  sinusoidal  shape  in  the  motion  of  the 
\oit('\  renter  'I’hcse  are  further  evidences  of  the  non  tjuasi- 
steach  nature  of  the  flow 

Vorticity  Distributions  within  the  Vortex 

Tile  higli  density  of  data  points  olitained  in  this  exper¬ 
iment  made  it  possible  to  estimate  the  components  of  the 
plla^e  locked  vorticity  of  the  flow  within  the  vortex.  Some 
topical  results  for  the  evolution  of  the  axial  vorticity  tom- 
(joiient  u.’x  (lining  the  pitch-up  and  pitch-down  pha.ses  of  the 
osciliahng  cycle  are  shown  in  Figs  fi(a)  and  C(b)  It  was  ob¬ 
served  that  nearly  8.V/t)  of  the  axial  \orticity  was  concentrated 
within  a  radius  of  the  order  of  0  Ir  U  is,  however,  seen  tliat 
there  ih  a  significant  distribution  of  axial  vorticity  over  this 
radius  This  distribution  is  due  to  viscous  and/or  turbulent 
diffusion  The  maximum  (negative)  vorticity  is  observed  near 
the  renter  of  the  vortex.  The  magnitude  of  this  vorticity  is 
generally  higher,  and  the  vorticity  distribution  more  nonax- 
isvmmetnc  during  the  pitch-down  motion  The  noii-qua<:i- 
steady  nature  of  the  flow  is  thus  once  again  apparent. 

As  the  shear  layer  from  the  inboard  regions  of  the  wing 
Sill  face  rolls  up  into  the  tip  vortex,  the  spaiiwiso  vorticity 
rarrii'd  by  it  rotates  into  the  axial  nirection  and  augments 
the  rtvial  vorticity  of  the  tip  vortex  Dus  is  clearly  seen  from 
Figs  7(a)  and  7(b).  which  show  typual  plots  of  the  cioss- 
strearn  vorticity  vector  (;  <  Wy  >  >)  across  the 

vortex,  for  o  =  10  degrees  during  the  pitch-up  and  pitch 
down  portions  of  the  cycle  Once  again,  the  roll-up  process 
resulting  in  the  transfer  of  the  cross-stream  vorticity  to  the 


longitudinal  direction  is  well  oigaiii/e.1  during  the  pitch-up 
ptotess  Vciv  little  ctoss  stieain  voiticit)  is  s(‘en  in  the  sheai 
l.ivei  diiting  the  pilcli-dow n  motion  winch  iiu!icatc*s  that  this 
layer  was  cletached  from  the  wing  surface  when  it  started 
iiiovnig  towards  the  tip 

Integration  of  the  axial  vorticity  over  the  area  of  the  vor¬ 
tex  up  to  any  radiii<*  r  yields  the  circulation  a,ssociated  with 
this  vorticity  around  a  circle  of  that  radius  I'lgures  S(a) 
and  -S(l))  show  typical  distributions  of  the  ensemble  averaged 
'« IK  iilat’ion  <  P  as  a  function  of  the  rlistance  from  the 
voilex  center  for  several  angles  of  incidence  during  pitch-up 
and  [utch  down  motions  Also  shown  for  comparison  in  c^ach 
figiiie  are  the  dislribution.s  of  the  time  average  circulation  I 
and  the  circulation  To  corresponding  to  the  mean  angle  of  m- 
riclence  of  1(1  degrees  in  steady  flow  Tlirre  is  no  spectacular 
clilfeiccice  betwec’ii  the  latter  two  distributions  However,  the 
<  irculation  distribution  vanes  considerably  during  the  oscilla¬ 
tion  cycle  and  this  variation  is  significantly  iion-quasi-steady 
The  circulation  during  the  pitch-down  motion  is  substantially 
larger  than  during  the  pitch-up  process.  This  can  be  seen  bv 
fompanng  the  distributions  at  a  given  q,  say  10  degree's,  dur¬ 
ing  the  up  and  down  motions  Since  the  strength  of  the  axial 
volte  Is  icdatcd  to  the  spanwise  distribution  of  lift  over  the 
wing,  one  can  conclude  that  the  latter  distribution  is  cjuasi- 
.steadv  duimg  the  pitching  cych*  The  circulation  has  not 
reached  a  constant  value  m  soin  of  the  distribution''  at  the 
smaller  angles  of  invidence  This  is  possibly  due  to  the  fait 
tliat  the  loll-up  of  the  shear  layeis  at  small  values  of  a  is 
slow  and  hence  not  complete  at  tins  downstU'am  distance 
Tlie  seed  particles  introduced  near  the  outboard  regions  of 
tlie  wing  did  not  spread  far  c  lOugh  to  allow  the  mcasuic- 
mcnl''  to  b-  ronlinued  to  more  inboard  locations  in  the  wake 
lie,  larger  values  of  r) 
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Figure  8  Variation  of  circulation  <  F  >  with  distance  r  from  the 
vortex  center.  a)Pitch  up.  b)Pitch-down 


Figure  9  Distribution  of  turbulent  intensity  t/  across  the  vortex  for 
a  =  10  degrees.  a)Pitch*up.  Maximum  contour  value  is  0  11. 
Contour  interval  is  0.01.  b)Pitch-down.  Maximum  contour 
value  IS  0.18.  Contour  interval  is  0.02. 


Turbulence  Intensity  in  the  Vortex 

Typical  results  for  the  distribution  of  the  rms  intensity  of 
tuihuleiicc  ti'  across  the  vortex  are  shown  in  the  area  shaded 
contours  of  Figs  9(a)  and  9(b)  for  o  =  10  degrees  The 
shear  layer  rolling  up  into  the  vortex  can  be  distinguished, 
III  Fig  9(a)  corresponding  to  the  pitch-up  motion,  as  a  spi¬ 
ral  from  the  relatively  higher  level  of  turbulence  earned  by 
It  The  maximum  intensity  is  about  11%  and  occurs  near 
the  center  of  the  vortex  The  spiral  is  apparently  broken  in 
Fig  9(b)  corresponding  to  the  pitch  down  motion  Also,  the 
turbulence  level  during  this  part  of  the  cycle  is  much  higher 
(maMinuin  value  of  about  18%).  These  results  are  consistent 
with  the  observations  made  with  regard  to  the  velocity  and 
voilicitv  data. 

CONCLUSIONS 

The  three-component  LDV  measurements  m  the  tip  vor¬ 
tex  of  an  oscillating  wing,  obtainc-l  at  a  distance  of  one  chord 
downstream  of  the  trailing  edge  have  chown  that  the  flow  is 
strongly  three-dimensional.  While  the  time-mean  flow  is  not 
significantly  different  from  steady  flow  at  the  mean  angle  of 
incidence,  the  periodic  flow  is  not  quasi-steady  at  the  oscilla¬ 
tion  frequency  studied  This  is  due  to  the  non-quasi-steady 
effects  of  unsteadiness  on  the  turbulent  boundary  layer  in 
the  inboard  planes  and  the  consequent  effects  on  the  span- 
wise  lift  distribution  It  will  therefore  be  necessary  to  use 
dynamic  models  to  obtain  correct  predictions  of  the  instan¬ 
taneous  flow  The  data  presented  here  are  probably  the  first 
of  their  kind  and  will  be  useful  as  a  database  for  the  devel¬ 
opment  and  verification  of  numerical  predictive  models 
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ABSTRACT 

The  turbulent  near  wake  of  a  two-dincnslonal  body 
Influenced  by  a  vortex  shedding  due  to  a  fixed 
separation  on  one  side  has  been  measured  by  a 
dlrectton-sensltlve  multi-component  spllt-fllni  probe 
and  the  flow  characteristics  were  studied  In  terms  of 
the  phase-averaged  statistics  of  the  turbulent 
velocity  components.  The  contributions  to  the  total 
apparent  shear  stress  from  the  periodic  motion  and 
the  random  fluctuation  arc  comparable  In  one  case, 
but  the  phase-averaged  Reynolds  shear  stress  Is 
fairly  well  described  by  a  positive  eddy  viscosity. 


Intense  than  unfixed  ones  such  as  that  around  a 
cylinder.  Our  st^Jy  employs  the  similar  measurement 
and  data  reduction  techniques  used  by  other 
Investigators  of  vortex-sheddIng  type  wake  flows. 
Since  we  emphasize  the  near  field  where  there  Is 
Instantaneous  and  mean  flow  reversals,  we  have 
applied  the  direction  sensitive  multi-component 
split-film  techniques  to  measure  two  simultaneous 
velocity  components.  The  detailed  data  were 
obtained  for  two  cases  and  were  analyzed  to  reduce 
the  conventional  and  the  phase-averages  of 
fluctuating  velocity  components. 


INTRODUCTION 


EXPERIMENTAL  NETnODS 


It  Is  not  yet  possible  to  carry  out  the  direct 
Navler-Stokcs  simulation  of  turbulent  flows  of  at 
liigh  Reynolds  numbers,  and.  although  progress  Is 
being  made  (eg.  Lc  Balleur,  1989),  the  numerical 
solutions  of  the  Reynolds  equations  are  still 
unreliable  particularly  when  there  Is  a  separation 
region  of  large  extent.  One  of  the  reasons  Is  that 
many  of  these  models  do  not  adequately  account  for 
the  flow  unsteadiness  when  separation  Is  Involved 
The  turbulence  models  must  also  be  examined  In  these 
unsteady  conditions. 

Detailed  near  wake  structures  of  bluff  bodies 
Involving  vortex  shedding  have  been  Investigated  by 
many  workersle.g.  Perry  t  Watmuff(1981).  Cantwell  4 
Coles(1983),  Klya  4  Sasakl(1985),  and  Perry  4 

Stclnerll987)).  These  studies  are  mostly  concerned 
with  vortex  shedding  In  otherwise  symmetric 
configurations.  However,,  such  flows  as  the  near 
wake  of  an  airfoil  with  upper-surface  boundary  layer 
separated.  Imply  more  one-sided  patternINakayama, 
1985).  Even  at  high  angles  of  attack,  the  flow 
structure  Is  somewhat  different  from  the  near  wake 
of  symmetric  bluff  bodies.  Perry  4  Stelner(1987).  for 
example,  report  that  their  measurements  with 
Incllneci  flat  plate  showed  the  globally-averaged 
velocity  field  to  be  quite  different  from  the 
theoretically  anticipated  pattern.  Even  when  the 
global  average  shows  one-sided  separation  vortex, 
the  shedding  was  found  alternating.  Present 
experiments  were  conducted  os  a  step  to  understand 
turbulence  structures  and  to  provide  Information  for 
turbulence  models  under  the  Influence  of  these 
asymmetrical  vortex  shedding-type  unsteadiness. 

In  order  to  make  the  flow  field  easy  to  model,  we 
chose  a  configuration  that  has  a  fixed  separation 
point.  The  model  Is  a  simple  two-dimensional 
streamline  body  with  a  sharp  corner  on  one  side  that 
forces  a  flow  separation  and  flow  reversal.  This 
fixed  separation  made  the  overall  flow  condition 
more  stable,  but  the  vortex  shedding  was  less 


The  geometry  of  the  Investigated  flow  Is  shown  In 
Fig.  1.  The  model  Is  a  30mm  thick  25  cm  long  wooden 
board  with  a  variable-length  trailing  edge  piece 
attached  to  one  side  of  the  aft  portion  of  the  body. 
Fig.  1  also  shows  the  arrangement  of  the 
field-measurement  and  vortex-detecting  probes. 

A  special  probe  shown  In  FIg.2  that  consists  of  a 
cylindrical  film  split  Into  four  elements  was  used  to 
measure  the  Instantaneous  velocity  components  In  the 
center  plane  of  the  test  flow.  Each  of  the  split 
elements  Is  operated  on  Independent  anemometer 
bridge.  If  the  temperatures  of  the  elements  are 
balanced,  two  Instantaneous  components  In  the  plane 
perpendicular  to  the  sensor  axis  can  be  reduced. 
The  magnitude  of  this  velocity  component,  or  the 
effective  cooling  velocity  Is  first  obtained  by 
Inverting  the  relation  between  the  cooling  velocity 
and  the  sum  of  the  squares  of  the  outputs  of  the  four 
elements,  which  Is  like  the  usual  King's  law  of 
cooling  used  In  the  regular  hot-fllm  method.  Next, 
the  direction  of  the  flow  In  the  plane  perpendicular 
to  the  sensor  axis  Is  determined  by  finding  the 
direction  at  which  the  Interpolation  of  the  outputs 
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Fig.1.  The  model  and  experimental  setup 
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with  respect  to  azimuthal  an?le  between  the 
velocity  vector  and  the  reference  dlrectlonCone  of 
the  split  pianos)  direction  on  the  sensor  would  give 
the  maximum  In  this  Interpolation,  only  the  largest 
three  outputs  are  used  to  avoid  the  output  of  the 
clement  that  is  in  the  separated  zone. 

The  detailed  description  and  the  performance  of 
thethls  split-film  method  is  given  In  Nakaya«a()991) 
The  diameter  of  the  sensor  cylinder  Is  only  0.  KSmm 
and  the  active  length  Is  2mm.  The  response 
characteristics  of  this  probe  was  compared  with  that 
of  regular  hot-wire  probe  and  a  laser  doppler 
anemometer  The  moan  velocity  In  the  region  with 
Instantaneous  flow  reversal  was  compared  with  the 
laser  anemometer  was  found  to  agree  very  well.,  while 
the  frequency  response  characteristics  were 
compared  with  a  single  wire  probe  In  tl.e  region 
where  the  velocity  fluctuation  Is  small  and  found  the 
response  adequate  for  the  present  flow. 

The  phase  of  the  vortex  shedding  was  detected  by  a 
separate  single-wire  probe  located  Just  outside  the 
wake  about  one  model  thickness  downstream  of  the 
trailing  edge  as  seen  In  Fig.  1.  Examples  of  this 
signal  for  the  cases  In  which  the  detailed  data  were 
obtained  are  shown  In  Fig.  3.  The  moment  when  the 
output  of  this  phase-detector  probe  shows  a  peak  Is 
arbitrarily  chosen  as  the  phase  reference,  and  the 
phase  angle  P  Is  measured  from  there. 

The  shedding  frequency  over  a  range  of  Reynolds 
number  Ran  based  on  the  body  thickness  and  geometry 
parameter  L/h,  were  Investigated  prior  to  the 
detailed  measurements,  and  the  results  are  shown  In 
Flg.4.  The  results  are  seen  to  be  very  similar  to  the 
the  case  of  a  rectangular  trailing  edge  with  a 
splitter  plate(Nash.  Qutncey  t  CaUlnan(1963)  and 
Bcarman(1964))  attached  along  the  centerline.  If  the 
present  body  thickness  h  Is  Interpreted  as  one  half 
of  the  thickness  of  the  rectangular  trailing  edge  and 
the  length  L  of  the  overhanging  part  of  the  body  as 
the  splitter  plate  length.  It  can  be  said  that  the 
overhanging  part  of  the  trailing  edge  acted  like  a 
splitter  plate,  and  the  criteria  for  the  shedding  and 
the  frequency  are  seen  to  be  very  similar,,  too.  The 
maximum  Strouhal  number  Is  obtained  at  around  L/h>3 
and  the  shedding  ceases  at  about  L/h*5  which  Is 
related  to  the  reattachment  of  the  separated  flow. 
The  present  detailed  results  were  obtained  at  L/h-2.3 
and  3.4,  which  are  on  opposite  sides  of  the  peak 
frequency.  The  strength  of  the  vortex  shedding  was 
very  different  for  these  two  cases  although  L/h  Is 
not  very  different.  The  Reynolds  number  Ren  was 
fixed  at  20,000  corresponding  to  the  free-stream 
velocity  of  20  m/s. 

The  signals  from  the  spllt-fllm  probe  and  the 
phase-detector  probe  were  simultaneously  sampled 
and  digitized  real  time  by  a  MetraByte  A/D  converter 
operated  on  an  IBM  compatible  computer.  The  data 
were  also  recorded  on  floppy  disks  so  that  they 
could  be  re-reduced  using  different  methods 


Fig  2  4-way  spill  film  probe 
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Fig  3.  Signals  from  phase  detector  wire. 
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Fig.4.  The  vortex  shedding  frequency 


where  u"  Is  the  global  mean,  u  Is  the  periodic  mean 
component,  and  u  Is  the  randomly  fluctuating 
component.  We  use  <  >  to  Indicate  the  averages  at  a 
constant  phase,  or  the  phase  average.  Then  the 
phase  average  of  velocity  u  Is  given  by 


DATA  REDUCTION 

In  the  present  flow  with  seml-perlodlc  vortex 
shedding,  we  use  the  same  notation  as  used  by 
Cantwei;  and  Coles(;983)  and  Reynolds  t 
IIussalii(i372).  The  Instantaneous  velocity  component 
u  Is  written  as 

u  =  u  r  ii  ♦  u'  (1) 


<u>*  u  ♦  u  (2) 

The  phase-averaged  Reynolds  stress  components,  that 
Is  the  Reynolds  stresses  If  the  flow  Is  considered 
periodically  unsteady,  are  <u'u'>,  sv'v'>,  <u'v'>,  etc. 
While,  If  the  overall  flow  Is  Interpreted  as  a 
stationary  flow,  the  total  Reynolds  shear  stress,  for 
example,  Is  (u  -  u  )(v  -  v  )  and  can  be  expressed  as 
the  sum  of  two  components,  C  ?  .  and  u'v'.  We  have 
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reduced  aK  these  Reynolds  stresses  Involving 
velocity  components  u  and  v,  but  not  the  spanwisc 
oomporent  w  It  became  evident,  as  the  data  were 
analyzea  that,  the  random  fluctuation  components 
consisted  of  cycle-to-cyclc  fluctuation  as  well  as 
the  purely  turbulent  fluctuations  The  problem  of 
the  phase  Jitter  was  discussed  by  Perry  and 
Watmuff(1981),  but  In  the  present  case,  the  ambiguity 
due  to  phase  Jitter  was  not  as  serious  The  variation 
in  the  cycle  period  Is  excluded  from  the  random 
compon'  nt  b)  subdividing  the  Individual  periods 
between  succeslve  peaks  of  the  phase  signal  Into 
equal  subdivisions.  The  contribution  due  to  the 
cycle-to-cycle  fluctuation  In  the  strengths  Is 
included  as  a  random  component. 

GLORAI.  AVERAGES 

The  global  averages  of  the  velocity  components 
are  shown  In  the  vector  plots  of  Fig. 5  The  sum  of 
the  global  averages  of  the  periodic  and  random 
fluctuations  157^  +157^  ,  which  Is  roughly 
proportional  to  the  global  turbulence  energy  Is 
plotted  In  Fig. 6  together  with  the  contribution  from 
the  perlodi  motion  Similar  plots  corresponding  to 
the  Reynolds  shear  stress  are  given  in  Fig,  7.  From 
these  plots,  it  can  be  said  that  these  flows  are  like 
the  flow  downstream  of  a  backward-facing  step,  with 
the  length  of  the  wall  too  short  to  reattach.  In 
both  cases.  the  separation  bubble  extends 
downstream  of  the  trailing  edge,  but  It  Is  more  for 
the  case  of  L/h=2.3.  It  Is  this  fact  that  the  flow 
does  not  reattach  the  wall  Induces  the  vortex 
shedding  In  the  case  of  L/ha3.4.  the  separation 
bubble  closure  point  fs  very  close  to  the  trailing 
edge.  In  both  cases,  the  turbulence  Intensities  and 
shear  stresses  are  seen  to  be  very  large  Just 
downstream  of  the  bubble  closure  point.  The 
relative  magnitudes  of  the  global  averages  and  the 
periodic  flow  contributions  indicate  the  Importance 
of  the  periodicity  of  the  vortex  shedding  It  is  scon 
that.  In  the  case  of  L/h«2.3,  the  contributions  from 
the  periodic  motions  are  very  large,,  while  In  the 
case  of  L/h»3  4,  they  show  up  only  at  downstream 
locations  This  point  Is  remarkable  sine  he  vortex 
shedding  was  found  to  exist  up  to  L/h=5. 


Fig  5  Global  average  oI  the  velocity  vectors 
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Fig.6  Global  averaged  turbulence  (C  +  uO^  +  (4^  y'f  and 
contributions  from  periodical  motion 
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Fig  7.  Global  averaged  shear  stresses  ~  (0  +  vO 

contributions  from  penodical  motion  -  0^  . 


PUASE  AVERAGES 

The  averages  of  the  velocity  vectors  at  constant 
phase  angles  are  shown  In  Fig.  8  and  9,  for  the  two 
lest  cases  from  0  *0  to  300®  at  60*  Interval.  The 
estimated  phase-averaged  positions  of  the  dividing 
streamlines  are  hand  drawn  In  Flg.8.  The  strength  of 
the  vortex  shedding  Is  seen  to  be  very  weak  In  the 
case  of  L/h»3.4.  and  the  flow  pattern  for  most  of  the 
phases  are  almost  the  same,  except  the  last  few  x 
positions  In  the  case  of  L/h*2.3,  the  shedding  Is 
seen  very  strong  and  one  can  see  how  the  Individual 
vortices  are  generated  and  convected  downstream 
The  shedding  pattern  Is  seen  to  be  such  that  rhe 
bubble  closure  point  and  the  dividing  streamline 
move  up  and  down  rather  than  changing  thi^  length  of 
the  separation  bubble.  It  Is  seen,  however,  that 
even  in  this  c^.se.  the  motion  In  the  separated  shear 


9-3-3 


Fig  8  Phase-averaged  velocity  vectors,  L/h  >23 


Fig  9  Phase-averaged  velocity  vectors,  L/h  >34 


layer  upstream  of  the  trailing  edge  is  seen  to  be 
rather  phase-independent  suggesting  that  it  is  not 
the  large  vortex  structure  in  the  separated  shear 
layer  that  is  causing  the  vortex  shedding.  In  fact, 
additional  data  taken  at  locations  more  downstream 
than  the  presently  shown  region,  indicate  more 
pprindir  mntion?  dptppfpd  pvph  for  I /h*^  4 

The  phase  averages  of  the  turbulence  energy  as 
represented  by  <u'^)  +  <v^  are  shown  In  Fig. 10  and  U. 
Since  the  periodic  motion  for  L/h»3.4  case  Is  very 


small,,  the  results  only  at  three  phase  angles  arc 
shown.  The  changes  of  the  distribution  of  this 
quantity  at  different  phases  Is  seen  to  follow  the 
undulating  motion  of  the  dividing  streamlines. 

The  distributions  of  the  phase-averaged  Reynolds 
shear  stress  -u  v  are  shown  in  Figs.  12-13.  It  Is 
seen  again  that  the  periodic  motions  are  quite  strong 
in  the  case  of  L/h»2.3  but  it  is  almost  insignificant 
in  most  of  the  regions  for  the  case  of  L/h=3.4.  It  was 
pointed  out  by  Cantwell  and  Coles(1983)  based  on 
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Fig. 10.  Phase-averaged  turbulence  (u'^ +  <v'^,  L/h  =  23  Fig  12.  Phase-avereged  shear  stress  <u'/),  L/h  =  2.3. 


Fig  11.  Pha.se-averaged  turbulence  <u'2)  +  <v'2),  L/h-34.  Fig.13.  Pnase-averaged  shear  stress  <u'vO,  L/h.3.4. 
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their  measurements  In  the  wake  of  a  circular  cylinder 
that  the  turbulence  generation  is  strong  at  the 
saddles.  By  comparing  the  present  turbulence  data 
with  the  phase-averaged  vector  fields  of  Fig.  8  and 
9,  It  can  be  said  that  the  turbulence  intensities  arc 
high  near  the  saddle  point,  which.  In  the  present 
case,  Is  located  at  the  phase-averaged 
separation-closure  point.  Also  it  seems  that  the 
high  turbulence  Intensity  and  the  high  shear  stress 
are  related  to  the  strong  turbulence  production 
Indicated  by  the  area  of  large  velocity  gradient 

In  their  detailed  analysis  of  Cantwell  and  Coles 
data,  Frankc,  Rod!  4  Schoenung(l989)  found  that  the 
eddy  viscosity  coefficient  behaved  anomalously  and 
found  many  regions  where  It  was  negative.  In  order 
to  examine  the  similarity,  the  eddy  viscosity  was 
calculated  from  the  present  data,  as  well  Fig  14 
shows  the  eddy  viscosity  formed  by  the 
phase-averaged  Reynolds  shear  stress  and  the 
phase-averaged  velocity  gradient.  It  can  be  seen 
that  there  Is  not  any  significant  areas  where  It 
behaves  anomalous  and  becomes  negative.  In  fact  it 
seems  to  behave  quite  favorably  in  terms  of  using  It 
for  computational  purposes 


Fig  14  Phase-averaged  eddy  viscosity  -<u'v7/(d(u)/9y) 


random  motions  depend  on  the  strength  of  the  vortex 
shedding.  When  the  overhanging  length  of  the 
trailing  edge  Is  shorter  than  about  3  times  the  body 
thickness,  the  vortex  shedding  Is  strong  and  the 
periodic-motion  contribution  becomes  significant.  In 
either  case,  the  eddy  viscosity  defined  as  constant 
phase  angles  appear  to  stay  positive 
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CONCLUSIONS 

The  vortex-shedding  characteristics  and  the 
turbulence  structure  of  the  turbulent  near  wake  ot  a 
two-dimensional  streamline  body  with  a  sharp  cutout 
for  a  fixed  separation,  have  been  determined  In 
detail  using  a  split-film  probe.  The  contributions  to 
the  total  apparent  stresses  from  the  periodic  and 
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ABSTRACT 

Detailed  three-dimensional  LDV  measurements  have 
been  made  in  a  three-dimensional  turbuient  boundary 
layer  that  approaches  a  wing-body  junction.  These 
measurements  are  used  here  to  evaluate  several 
turbulence  models  These  models  require  or  imply  a 
relationship  between  the  angles  of  the  turbulent 
shear-stress  and  mean  >/elocity  gradient  vectors.  In 
the  present  flow  these  angles  are  not  only  different 
but  do  not  follow  any  simple  relationship.  The  ability 
of  several  turbulence  models  to  calculate  the 
magnitude  and  direction  of  the  shear  stress  vector  is 
examined  Among  the  best  are  the  Cebeci-Smich  and 
Johnson-King  models 

NOMENCLATURE 

angle  between  x  axes  of  the  tunnel  and 
free-stream  coordinates 

0^3  angle  between  x  axes  of  the  tunnel  and 

mean  velocity  vector  direction  at  the 
maximum  normal  stress  location 

0^  wall  shear  stress  direction  with  respect  to 
X  axis  of  the  free-stream  coordinate 
quantity  in  free-stream  coordinates 

All  other  quarttities  are  explained  in  the  text 

I.  OUTLINE  OP  THE  PRESENT  WORK 

In  the  present  study,  a  three-dimensional  boundary 
layer  (3D  TBL)  formed  by  a  cylinder  setting  on  a  flat 
plate  was  studied.  The  pressure,  skin-fnction,  mean 
velocity,  fluctuating  velocity  and  Reynolds  stresses 
were  measured  and  used  in  examining  the  validity  of 
some  turbulence  models  in  the  calculation  of  the 
turbulence  structure  of  these  types  of  flows 

The  body  used  is  a  3  2  elliptical  noee,  NACA  0020 

tail  syminetric  profile  which  has  a  chord  length  of 
c*30.5  cm  (12  inches),  maximum  thickness  of  t=»7  17  cm 
(2  824  inches),  and  height  of  22  9  cm  (9  016  inches) 
The  measurements  were  carried  out  in  the  Boundary 
Layer  Tunnel  at  Virginia  Tech  The  nominal  reference 
velocity  was  Up^^®27  m/sec  and  the  Reynolds  number 
based  on  the  momentum  thickness  at  0  75  chord  upstream 
of  the  body  on  the  centerline  of  the  tunnel  was  Re.* 
5936  (Olemen,  1990).  ® 

The  mean  velocity  and  stress  data  for  all  components 
wore  obtained  with  hot-wire  (HW)  and  laser-Doppier 
velocimeter  (LDV)  techniques.  Due  to  the  differences 
observed  near  the  wall  between  the  HW  and  LDV  data  the 
LDV  measurements  were  taken  twice  with  both  sets  in 
close  agreement.  This  permitted  the  study  of  the 
uncertainties  of  the  mean  velocities  and  the  stresses. 
Pressure  distributions  on  the  wing  and  the  on  the 
bottom  plate  were  obtained  with  a  Scanivalve  and  an 
inclined  manometer.  Skin  friction  vectors  at  several 
locations  on  the  wall  were  measured  by  Ailinger  (1990) 
with  an  oil-flow  laser  interferometer  technique. 

The  future  development  of  turbulence  models  still 
necessitates  reliable,  complete  data  sets  of  flows 
which  are  encountered  in  engineering  practice.  This 
test  flow  is  encountered  in  many  cases  of  engineering 
interest,  for  example  in  the  wmg/body  junction  on 
aeroplanes  and  the  appendage  and  hull  junction  on 
submarines  The  boundary  conditions  and  the 
characteristics  of  the  approaching  boundary  layer  to 
the  wing  were  carefully  documented.  Pressure  data  were 
taken  at  closely  enough  spaced  locations  to  obtain 
pressure  gradients  from  the  data. 

Another  important  aspect  of  the  present  study  is 
that  it  is  a  unique  data  set  which  documents  the  flow 
characteristics  on  a  line  along  the  direction  of  the 
mean  velocity  vector  component  parallel  to  the  floor,, 
at  a  point  in  the  boundary  layer  where  kinematic 


normal  stress  is  maximum  (Figure  1)  Since  most  of  the 

turbulent  kinetic  energy  of  the  flow  is  stored  in  the 

normal  stress  term,  the  flow  along  this  path  must 
follow  approximately  the  path  of  the  shear  and 
turbulence  producing  eddies.  The  data  show  that  the 
eddy  viscosity  of  the  flow  lo  not  isotropic,  but  that 
the  ratio  of  eddy  viscosities  perpendicular  and 
parallel  to  the  direction  of  the  mean  velocity  vector 
component  parallel  to  the  wall  at  the  point  in  the 

layer  where  iP  is  maximum  is  close  to  unity  The 

shear-stress  vector  direction  in  the  flow  lags  behind 
the  flow  gradient  vector  direction  (Olgmen,,  1990). 

A,  =■  ,,  IB  not  a  constant  of  0.15  as 

expected  for  2-D  flows,  but  is  much  lower  near  the 
wall  for  3-D  flows  The  skin  friction  velocity  is  not 
the  scale  of  the  turbulence  in  such  a  flow.  Table  1 
gives  some  important  characteristics  of  the  profiles 
measured. 

In  the  next  sections,  selected  Algebraic  Turbulence 
Models  will  be  described  and  then  their  perfoimance  in 
simulating  the  shear-stress  magnitudes  and  the  shear-, 
stress  vector  directions  throughout  the  layers  will  be 
discussed  comparatively  The  data  used  were  from 
stations  0,  2,,  4,,  6. 

XX.  SELECTED  ALGEBRAIC  TURBULENCE  MODELS 

Turbulence  models  selected  were  chosen  among  the 
models  which  did  not  necessitate  solving  the  governing 
continuity,  momentum,  and  turbulent  transport 
equations.  This  restricts  the  discussion  to  algebraic 
eddy  viscosity  models 

The  comparison  of  the  computed  and  experimental  data 
was  performed  using  two  parameters,  a  magnitude  ratio 
and  direction  angle  difference  which  are  described 
below.  The  shear  stress  vector  in  the  plane  parallel 

to  the  floor  with  components  of  and  c 

be  expressed  using  complex  numbers  in  the  form  |T|e^*  », 

where  it  |«  (-uv^,,j»-vw*  and  a  is  the  shear  stress 

angle.  The  ratio  of  the  measured  and  computed  shear 
stresses  presented  in  the  complex  form  give  two 
parameters: 

k-l 

Magnitude  ratio 
Direction  angle  difference 


where  m  denotes  the  measured  quantities  and  c  stands 
for  the  computed  values.  If  a  model  were  able  to 
calculate  the  magnitude  and  the  direction  of  the 
measured  shear  stress  vector  data  perfectly,  the  ratio 
of  magnitudes  would  be  1,  and  the  difference  between 
the  shear  stress  directions  would  be  zero. 

All  computations  were  carried  out  using  the  data  in 
free-stream  coordinates,,  and  U  and  w  denote  the  mean 
velocity  components  in  the  and  Zf.  directions, 

\  li*  i.ii  luu  uf  Llit,  velocity 
vector  at  the  boundary  layer  edge;  is  in  the 
perpendicular  direction  to  the  wall;  z^^  completes  a 
right-handed  coordinate  system)  The  necessary  mean 
flow  gradients  to  calculate  computed  shear  stresses 
for  each  flow  were  found  by  fitting  a  parabola  to  5 
consecutive  points  and  computing  the  gradients  at  the 
third  or  the  middle  ooint.  Except  at  the  zeroth 
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station,  the  shear  stresses  at  the  wall  were  taken 
from  Ailinger  {1990).  At  station  0,  the  wall  stress 
was  found  using  the  2~D  Law  of  the  Wall  Clauser  plot. 
The  required  mean  flow  quantities  were  also  taken  from 
the  data,  as  if  the  solutions  of  the  governing 
equations  were  same  as  the  data  The  necessary  maximum 
shear  stress  magnitudes  in  the  layers  for  the 
Johnaon-King  model  at  each  station  were  taken  as  the 
measured  maximum  shear  stress  magnitudes  which  satisfy 
the  realizability  conditions  (Schumann, ,  1977). 

II. A.  CEBECX-SHITH  MODEL 


The  Cebeci-Smith  model  used  in  this  study  is  the  one 
described  by  Cebeci  (  1984  )  The  model  uses  two 
different  eddy-viscosity  definitions,  one  described 
for  the  inner  region  and  one  for  the  outer  region 
In  the  inner  region,  the  eddy-viecosity  is  defined 
as 


3W  \  }  \  1,2 
i=»cy  ,  f'-l-exp(-> ’/A*) 


in  which  i  18  the  mixing  length,  F  is  the  van  Driest 
damping  function,  is  the  friction  velocity,,  and 
IS  the  wall  shear  stiess  magnitude. 

The  O’ltcr  region  eddy-viscosity  is  given  by 


In  this  study,  defined  by  Rotta  was  used  as  the 
inner  layer  eddy-viscosity  and  the  outer  layer 
eddy-viscosity  was  kept  the  same  as  the  Cebeci-Smith 
model. For  the  present  data,  three  different  anisotropy 
constants,,  T=0.3,,  T=0.5  and  T=0.’^,,  were  tested. 

II.C.  PATEL'S  MODEL 

The  third  model  selected  is  the  one  equation  (k) 
model  of  Wolfshtein  (.  1969),  as  used  by  Chen  and  Patel 
(  1988  )in  the  k-e  turbulence  model  with  the  fully 
elliptic  Reynolds-averaged  Navier-Stokes  equations  to 
compute  the  flow  characteristics  in  the  boundary  layer 
or  wake  of  axisymmetric  bodies  The  eddy-viscosity  in 
this  model  is  defined  as: 

Turbulent  Reynolds  number 

A  =10  ,  c=0  09  ,  K  =  0  418  ,  k=TKE=~*'^-^*'^ 

•*  I*  '  2 


and  the  stresses  in  cartesian  coordinates  could  be 
computed  uBing(  Stern,  Yoo  and  Patel,,  1988  ) 

u:C;=-2v,S„.2JcS„/3 

6*1  if  i=j 
*0  If 


After  neglecting  the  derivatives  other  than  those 
with  respect  to  y,,  the  Tiretses  in  this  ■  jiy  arc 
computed  using 


BV 


-vw„=v, 


dw 


wj»ere  Yl  iS  Klebanoff's  mtermittency  correction,  and 
6*4  13  the  displacement  thickness.  The  boundary  layer 
thickness  6  is  defined  as  the  point  in  the  layer  where 
(  is  0.99.  By  using  a  smoothing 
function,  the  eddy-viscosity  distribution  in  the  layer 
can  be  defined  as. 

v,«Vtj,{i'eyp(-Vpj/v,p) ) 


and  the  shear  stresses  are  found  by  using* 


^Ty 


dW 

■Ty 


Z  X . B .  ROTTA ' S  MODEL 


The  validity  of  the  equations  for  the  turbulence 
model  as  given  was  defined  to  be  restricted  to  the 
viscous  sublayer,  buffer  layer, ^  and  a  part  of  the 
fully  turbulent  layer.  Therefore,  the  comparison  with 
the  data  is  only  meaningful  below  y*sl50  (  Patel  and 
Chen,.  1987  } . 

IZ.D.  JOHNSON-KINO  MODEL 

The  eddy  viscosity  model  introduced  by  Johnson  and 
King  (  1964)  for  2-D  flows  subject  to  strong  pressure 
gradients  and  separation  was  extended  to  3-D  flows  by 
Abid  (  1986  ) .  Instead  of  using  the  wall  skin  friction 
as  the  Cebeci-Smith  model  does,  the  model  utilizes  the 
maximum  shear  stress  in  the  layer  to  define  the  eddy 
viscosities  and  the  Van  Driest  damping  function  which 
18  effective  near  the  wall.  The  inner  layer  eddy 
viscosity,  which  has  the  same  form  as  the  Cebeci-Smith 
model,  differs  due  to  the  use  of  the  maximum  shear 
Btrees  in  the  layer.  The  model  is  defined  as  follows: 


This  anisotropic  eddy-viecosity  model  is  based  on 
work  by  Rotta  {  1979  )  An  analysis  of  the  pressure 
strain  terms  in  the  governing  equations  for  the 
stresses  led  Rotta  to  an  anisotropic  eddy-viscosity 
model  (  Rotta,,  1977  )  The  model  uses  an  anisotropy 
constant  T 


f*l-exp{-y — f ~ — )  .,  i*Ky,,  — 

V  A  *  P 

The  outer  eddy  viscosity  was  also  modified  to  take 
into  account  the  effect  of  the  maximum  shear  stress  in 
the  outer  layer.  The  outer  layer  eddy  viscosity  is 
defined  as: 


defined  as  the  rt  ’o  of  the  transverse  eddy-viscosity 
to  the  streamwise  eddy-viscosity  in  local  free-stream 
coordinates 

By  assuming  T  constant  in  the  layer,  in  the 
free-stream  coordinates  can  be  computed  as 


and  the  stresses  are  related  to  the  mean  flow 
gradients  with 


where 


-  ,,  3u,,  aw, 
•"""'ay  “"ay' 

-  ,  dU  dWt 


* TU^ 


a„*(l-T) 


UW 

U^*W^ 


l=Ky 


V„.o(0  016e)if./ {V,-V)dy 


where  o  is  found  when  the  relation 


is  satisfied  at  the  location  in  the  layer  where  the 
shear  stress  is  maximum.  Once  o  is  found  the  shear 
stresses  are  found  using 

-uv=v,^  v  -vw=\ 

^dy  ' 

where 


dW 


Vt-Vto(l-exp(‘Vj,/Vf^) ), 


The  maximum  shear  stress  magnitude  was  found  by 
Johnson-King  and  Abid  using  an  ordinary  differential 
equation  derived  from  the  T.K.E.  equation,,  which  is 
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valid  along  a  path  where  the  shear  stress  is  maximum. 
In  this  study  it  was  assumed  that  this  equation  could 
exactly  compute  the  maximum  shear  stress  The  location 
of  it  in  the  layer,  which  would  be  found  once  the 
governing  equations  are  solved,  was  also  assumed  to  be 
found  accurately.  Once  these  assumptions  are  made,  the 
constant  multiplier  o  in  the  equation  was  found  by 
Newton  Iteration  and  by  using  the  experimental  and 
mean  flow  gradients 

ZII.  ReSlTLTS  ANO  DISCUSSION 

The  comparison  of  the  computed  and  measured  atrees 
magnitudes  and  angles  for  the  present  data  are 
presented  using  log(y/t)  as  the  abscissa  of  the  plots. 
To  distinguish  the  oifferent  regions  in  the  layers, 
different  symbols  corre3pond..ng  to  inner,  aemi- 
logarithmic  and  outer  regions  were  used  Also  the 
uncertainties  in  the  dependent  variables  were  found 
using  the  uncertainties  in  each  experimental 
shear-stress  and  assuming  that  the  computed 
shear-stresses  did  not  induce  any  uncertainty  These 
uncertainties  are  plotted  as  bars  at  each  point.  The 
uncertainty  of  the  magnitude  ratio  was  also  used  to 
eliminate  the  data  points  which  had  large 
uncertainties  The  data  presented  are  those  with 
uncertainties  less  than  *1  and  which  satisfy  the 
realizability  conditions  (Schumann,^  1977), (  Pigs 
2-5). 

The  Cebeci-Smith  model  at  the  zeroth  station  of  the 
present  data  set  seems  to  overpredict  the  magnitude  of 
the  computed  shear  stresses  in  the  inner  layer  and 
undecpredict  in  the  outer  region  (  Fig  2  )  Since  this 
flow  profile  18  closely  2-0  and  since  the  model  was 
developed  using  available  2-0  data,  the  ratio  of 
stresses  should  be  1  The  high  shear  stresses  observed 
are  attributed  to  the  uncertainties,  and  the  ratio  of 
magnitudes  is  1,  within  the  limits  of  the  uncertainty, 
in  most  of  the  log  and  outer  regions.  The  direction 
difference  is  zero  at  this  station  within  the 

uncertainty  limits.  Station  2  profiles  shCM  a  higher 

within  the  inner  region  and  part  of  the  log  region 
Although  including  the  uncertainty  bande,  the 
magnitude  ratio  is  still  l.o,  the  values  were  seen  to 
be  •  1.2  in  the  part  of  the  log  and  outer  regions. The 
direction  difference  at  this  station  was  seen  to  be 
decreasing  down  to  0^  at  the  log  region  starting  from 
a  value  of  «  60^  in  the  near  wall  region.  Ac  station 
4  the  inner  layer  and  part  of  the  outer  layer  ratios 
were  seen  to  be  less  than  1.  However,  most  of  the  log 
region  values  were  1  within  the  uncertainty  bands. 
Angle  differences  at  this  station  reach  to  90*  near 
the  wall  and  decrease  down  to  zero  in  the  log  region. 
At  station  €  the  decrease  of  magnitude  ratio  near  the 
wall  18  most  visible.  The  low,  near  wall  values 
steadily  increase  to  reach  to  a  maximum  at  y/t»0.0S 
with  a  value  of  ■1.65.  The  outer  region  values  were 
seen  to  be  «1.0  including  the  uncertainty  bande.  The 
angle  difference  was  seen  to  form  a  peak  at  y/t>0.015 
at  a  value  of  *50*  and  a  lower  peak  at  y/t«0.08  at 
-25*. •  Overall  it  was  observed  that  the  Cebeci-Smith 

At  station  0,  even  though  the  very  near  wall  and 
most  of  the  outer  region  magnitude  ratios  are  less 
than  1.0,  the  log  region  values  were  seen  to  be^l.O, 
and  the  direction  difference  at  the  same  station  was 
zero  in  the  most  of  the  layer  <  Pig  5  ).  Within  the 
uncertainty  bands,  log  region  magnitude  ratios  of 
station  2  are  ■l.O.  Near  wall  and  outer  regions  show 
underestimated  ratios.  The  log  region  and  outer  region 
directions  of  the  two  stress  vectors  were  the  same, 
which  was  reached  after  a  gradual  decrease  starting 
from  a  value  of  ■  100*  near  the  wall.  Por  station  4, 
the  values  are  scattered  within  0.7-1. I,  closer  to  0.9 
in  Che  svecage.  The  high  direction  difference  on  the 
order  of  ■  100*  near  the  wall  decreases  to  zero  in  the 
logarithmic  region.  At  station  6  the  near  wall  values 
as  seen  in  most  of  the  profiles  were  lower  than  1.0. 
Starting  with  y/t«0.03  Che  ratios  were  close  to  being 
1.0  in  the  uncertainty  bands.  The  difference  in  the 
directions  of  the  computed  and  experimental  streas 
vectors  parallel  to  the  wall  were  seen  to  be  reaching 
to  a  peak  at  y/t»0.02  at  a  value  of  SO*.  Further  out 
in  the  layer,  the  difference  was  gradually  reduced  and 
was  zero  within  the  bands  in  the  log  and  outer 
regions. 

IV.  CONCLUSIONS 

Overall,  the  Cebeci-Smith  model  and  the  modification 
to  it  by  using  Rotta’s  anisotropy  constant  were  seen 
to  overpredict  the  magnitude  ratios  in  the  logarithmic 
and  outer  layers  and  underpredict  very  near  the  wall. 
Even  though  the  Johnson-King  model  inherently  includes 
the  maximum  stress  to  find  the  stress  distribution  in 
the  layers,,  it  was  observed  that  it  underpredicted  the 


magnitude  ratios  within  th«  near  wall  and  outer 
regions.  None  of  the  models  was  able  to  calculate  well 
the  stress  direction  Except  Rotta's  model,  which 
overpredicts  the  direction  in  most  of  the  stations, 
they  all  seemed  to  work  equally  well.  The  ’‘ange  of  the 
computed  magnitude  ratios  and  angle  differences  at 
y*=200  for  the  pie^sent  flow  studied  may  be  found  in 
Table  2 

Even  though  the  Cebeci-Smith  model  overprediccs  the 
magnitude  ratio  for  the  almost  2-D  flow  station,  the 
calculated  ratios  decrease  for  the  downstream 
stations.  The  angle  differences  in  most  of  the 
profiles  are  on  the  positive  side 

Rotta’s  model  with  anisotropy  constant  T=0.3  for  the 
present  data  calculates  the  angle  differences  and  the 
magnitude  ratios  in  a  wider  band  compared  to  the 
Cebeci-Smith  model.  The  constants  T*0  5  and  T»0.7 
result  in  magnitude  ratios  and  angle  differences 
between  the  predicted  values  of  the  Cebeci-Smith  model 
and  T*0.3. 

In  the  same  y*  range  Patel's  model  was  observed  to 
calculate  magnitude  ratios  lower  than  the  Cebeci-Smith 
model  for  stations  2  and  4  but  the  ratios  were  much 
closer  to  1  in  the  inner  regions  For  magnitudes, 
Patel’s  model  is  the  best  of  these  four  in  the  inner 
region.  The  angle  differences  are  the  same  as  the 
Cebeci-Smith  model. 

The  Johnson-King  model  in  the  form  used  in  this 
study  underpredicts  the  magnitude  ratios  in  the  almost 
2-D  flow  station  of  the  present  data,  especially  in 
the  outer  region.  For  the  stations  where  3-D  flow  is 
developed,  the  scatter  of  the  magnitude  ratios  are 
around  1.0  and  in  a  narrower  band  than  the 
Cebeci-Smith  or  any  othei  mooel. 

In  conclusion,  none  of  the  models  predict  the  shear 
stress  data  well  especially  near  the  wall.  A  good 
model  near  the  wall  should  capture  the  fact  that  r.  is 
much  lower  near  the  wall  for  a  developing  3-D  flow 
than  for  a  2-0  flow  with  the  same  mean  velocity 
gradients.  If  there  must  be  choices  made  among  these 
model  resulted  in  lower  magnitude  ratios  near  the  wall 
and  higher  magnitude  ratios  in  tha  outer  region.  The 
ahear  stress  direction  difference  was  most  noticeable 
in  the  near  wall  and  beginning  of  the  log  region. 

Rotta's  model  with  T»0.3  seems  to  be  effective  in 
raising  appreciably  the  magnitude  ratios  in  the  log 
region,  in  the  range  y/t»0. 01-0. 1 ,  {  Fig  3  ).  This 
effect  at  station  zero  was  negligible.  At  station  2, 
the  log  region  values  were  seen  to  be  shifted  up  as 
much  as  0,1,  but  the  effect  was  reduced  in  the  outer 
regi  -n.  This  is  due  to  the  use  of  only  in  the  inner 
region.  Very  near  wall  values  were  also  less  affected 
than  the  log  region  values.  The  increment  in  the 
magnitude  ratios  for  station  4  was  similar  to  the 
station  2  values.  The  maximum  shift  in  the  magnitude 
ratio  at  station  4  was  ^O.S.  while  the  magnitude  ratio 
for  most  of  the  outer  region  of  station  4  was  ■1.0, 
and  the  near  wall  ratios  were  less  than  1,  the 
logarithmic  regions  had  ratios  on  the  order  of  ■0.9- 
1.6.  At  station  4,  while  the  very  near  wall  direction 
difference  was  ■  100*,,  it  was  seen  to  be  »  30*  in  the 
log  and  outer  regions.  In  the  upper  part  of  the  log 
region  and  the  lower  part  of  outer  region,  the 
magnitude  ratio  increase  at  the  next  station  was  also 
accompanied  with  a  direction  difference  increase.  The 
Increment  at  y/tsO.03  was  ■0.7  for  station  6.  Station 
6  direction  angle  difference  increment  was  seen  to  be 
■  25*  for  the  log  and  outer  regions. 

Using  different  anisotropy  constants,  T-0.5  and  0.7, 
to  compute  v.,  results  in  the  magnitude  ratios  and 
direction  dirferences  which  are  between  the  results 
found  using  Cebeci-Smith  (T^l)  and  Rotta’s  models  with 
T-0.3.  For  this  data  set,  it  was  observed  that  using 
an  anisotropic  eddy-viscosity  amplified  the  existing 
differences  of  the  measured  and  computed  shear  stress 
magnitude  and  directions  as  compared  with  the 
Cebeci-Smith  model. 

Discussion  of  Patel's  model  is  restricted  to  the 
inner  layer  for  y*  values  less  than  150  Patel's  model 
was  seen  to  calculate  the  magnitude  ratios  very  near 
the  wall  lower  than  the  Cebeci-Smith  model  (Fig  4). 

For  the  zeroth  station,  in  the  log  region,  the 
magnitude  ratio  was  ■l.O,  and  the  stress  vector 
direction  difference  was  seen  to  be  zero  within  the 
uncertainty  bands.  The  magnitude  ratio  for  tha  second 
station  was  again  seen  to  be  I.O  within  the 
uncertainty  limits,  and  the  direction  difference 
except  near  the  wall  below  y*  <  4n  About  zero.  Dtatiwu 
4  magnitude  ratios  were  seen  to  be  »1  within  the 
uncerta  nty  limits  especially  in  the  inner  layer  and 
at  the  beginning  of  the  semi-log  region.  The  100* 
angle  difference  in  the  near  wall  region  reduced  to 
zero  in  the  log  region.  The  gradual  increment  in  the 
ratio  observed  in  the  next  profile  was  accompanied  by 
less  difference  in  the  directions.  The  magnitude  ratio 
starting  from  the  near  wall  is  seen  to  be  increasing 
up  to  *1.05  at  y/t>0.04.  The  angle  ditference  at 
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station  6  peaked  at  y/t«0.02  at  a  value  of  50”  In 
comparison  to  Cebeci-Smith  or  Rotta’s  models,  Patel’s 
model  seems  to  underpredict  the  magnitude  ratios  for 
station  2  and  overpredict  for  station  4  in  the  inner 
and  semi-log  regions  but  with  ratios  much  closer  to  I, 
and  the  direction  diffeience  was  similar  to  the 
Cebeci-Smith  model  calculations. 

Since,  the  maximum  shear  stress  for  the  Johnson-King 
model  was  used  to  find  the  a  parameter  in  the  outer 
eddy-viscoBity  definition,  the  sheai  stress  computed 
is  the  same  as  the  experimental  \alue,  so  one  point  in 
each  of  the  magnitude  ratio  profiles  is  assured  to  be 
1.0.  In  the  application  of  the  Johnson-King  model, 
this  maximum  value  is  obtained  from  a  solution  of  an 
ordinary  differential  equation.  As  mentioned  before, 
in  this  study  it  was  taken  from  the  data  as  if  the 
solution  of  this  equation  were  same  as  the  data, 
models,  Patel's  model  is  the  best  in  the  inner  region 
and,  the  Johnson-King  model  is  suggested  for  overall 
performance,  although  this  recommendation  is 
contingent  on  good  calculations  of  by  the 

differential  equation 
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Fiyuie  1»  Oil  flow  visualization  picture  taxen  on  me 
test  wall  surrounding  the  wing,  at  27  m/sec  nominal 
reference  velocity.  The  dots  on  both  sides  denote  the 
velocity  and  stress  measurement  locations.  Hot-wire 
measur  aments  were  obtained  on  both  sides  and  laser 
velocimeter  measurements  were  made  on  the  right  half.. 
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ABSTRACT 

In  a  preliminary  study,  three  regions  of  three-, 
dimensional  separated  turbulent  flow  have  been 
considered,  in  the  first  instance,  by  means  of  surface 
flow  patterns  The  three  regions  have  particular 
significance  in  terms  of  extra  rates  of  strain  Some  mean 
velocity  and  Reynolds  stress  measurements  have  been 
made  using  pulsed-wire  anemometry  in  one  of  these  •  a 
nominally  spanwise-invarianl  region  Even  for  large 
aspect  ratios  (compared  with  those  used  for  previous 
detailed  studies)  the  type  of  flow  near  the  'upstream  side- 
wall'  may  affect  the  flow  near  reattachment,  and  the 
wind-tunnel  side  walls  cause  an  apparently  significant 
spanwise  variation  in  pressure 


NOMENCLATURE 

Cp  Surface  pressure  coefficient 

hf  Fence  height  above  splitter  plate 

p  Pressure 

Po  Free-siream  pressure  upstream  of  fence 

U.Y.W  Mean  velocities  m  x-.  y-,  a-  directions 
Uo  Free-stream  velocity  upstream  of  fence 
u.v.w  Fluctuating  velocities 

Xa  Distance  to  attachment  line  (normal  to  fence) 
x,y,z  Spatial  coordinates  •  figure  1 

W  Width  of  separation  (*  610mm) 

Wa  Width  of  nominally  spanwise  invariant  region 
$  Height  of  separation  bubble 


INTRODUenON 

An  understanding  of  separated  flow  and  ability  to  predict 
us  behaviour  is  of  major  practical  importance  in  many 
fields  of  engineering  and  applied  sciences  Accurate  and 
detailed  prediction  of  the  various  features  of  such  flows, 
necessary  in  many  applications,  will  be  a  demanding  test 
of  turbulence  modelling  Of  course,  the  mean  flow  of 
most  separations  of  practical  importance  is  three- 
dimensional.  Sensibly,  at  least  in  a  pnmafacia  sense, 
most  detailed  investigations  of  turbulence  structure  have 
confined  attention  to  (nominally)  two-dimensional 
separations  Such  separations  may  be  sub-divided  into 
two  groups,  namely  'open'  and  'closed'  separations,  the 
distinction  being  whether  or  not  the  separated  flow 
reattaches  on  the  surface  from  where  it  separated, 
forming  a  closed  separation  bubble.  Most  detailed 
investigations  of  closed  separations  have  been  made  on 
sharp-edged  configurations,  the  advantage  being  that 
the  separation  point  (or  line)  is  fixed. 

The  present  work  comprises  a  first  phase  of  expenmeniai 
work,  currently  in  progress,  extending  work  already 
done  at  the  University  of  Surrey  on  two-dimensional 
separated  flows  A  main  objective  of  the  current  work  is 
to  establish  a  number  of  three-dimensional  separated 
flows  for  detailed  investigation,  followed  by  more  detailed 
measurements  in  one  or  more  of  these  Initial 
investigations  were  by  means  of  standard  surface  flow 
visualisation  techniques  Surface  streamlines  arc 


indicative  of  the  flow  near  the  surface,  and  lo  some 
extent,  of  the  whole  flow  further  away,  so  standard 
surface  flow  visualisation  techniques  were  used  as  an 
initial  means  of  assessing  the  suitability  of  particular 
flow  gcomeines  Mean  flow  velocities  and  some  Reynolds 
stresses  have  been  measured  by  means  of  pulsed-wire 
anemometry 

Detailed  studies  of  the  turbulence  structure  within 
supposedly  two-dimensional  separations  have  been  made 
by  Ruderich  &  Femholz  (1986),  Cast*^  &  Haque  (1987)  and 
Jaroch  &  Pemholz  (1989)  However,  it  is  suggested  here 
that  even  the  flow  of  Jaroch  &,  Femholz,  which  had  the 
largest  aspect  ratio  in  these  studies,  may  have  been 
significantly  affected  by  three-dimensional  effects 
orginaiing  from  the  wind  tunnel  side  wails  Wolf  (1987) 
has  made  surface  measurements  and  some  simple  mean- 
flow  measurements  in  a  separated  flow  generated  on  a 
swept  thick  flat  plate  Handford  (1986)  has  made  detailed 
measurements  in  a  highly  three-dimensional  separation 
downstream  of  a  profiled  smooth  body  with  a  blunt  rear 
end.  mounted  on  a  plane  .surface. 


SOME  SEPARATED  FLOWS 

A  useful  way  to  vrw  the  outer  pan  of  a  separation  is  as  a 
mixing  layer  subjected  to  extra  rates  of  mean  and 
fluctuating  strain,  where  the  latter  strain  is  impo^e^  b> 
the  recirculating  flow  (and  is  always  tliree-dimeitsicnal, 
of  course).  If  dU/3y  is  the  primary  ir.;an  strain  r  .ic, 
where  (for  the  moment)  x  is  the  direction  of  the  mixing 
layer  and  y  is  perpendicular  to  it.  then  for  a  two- 
dimensional  separation  the  extra  strain  rales  aie  dV/dx, 
dU/dx  and  dV/dy  (Johnson  &  Hancock,  1991)  Ail  three 
are  associated  with  curvature  of  the  mean  streamlines 
and  the  second  and  third  sum  to  zero  by  continuity 
Depending  on  its  sign,  curvature  has  either  a  substantial 
suppressing  or  intensifying  effect  on  the  turbulence 
structure  Castro  &  Haque  (1987)  found  thai 
(suppressing)  curvature  effects  arc  weak  compared  with 
the  (intensifying)  effect  of  the  strain  imposed  by  the 
recirculating  flow.  The  recirculating  flow  is  also 
subjected  to  straining  by  curvature  of  the  mean 
streamlines  as  well  as  by  mean  shear.  For  a  three- 
dimensional  separation  further  extra  rates  of  strain 
arise;  the  terms  m  these  are  dW/9x,  dW/dy,  dU/dz,  3V/3z 
and  dW/az. 

Thrtf  reifions  A  major  feature  of  ihrce-dimrnsionil 
flow  is  that,  unlike  the  ideal  two-dimensional  separation, 
the  mean  flow  is  not  co-planar.  Therefore,  an  obvious 
modification  of  •  two-dimensional  separation  is  one  in 
which  the  flow,  while  not  co-planar,  is  otherwise 
invariant  in  the  spanwise  direction  Such  a  flow  has  the 
advantage  that  it  minimises  the  additional  measurements 
required,  and  should  be  relatively  easy  to  handle 
computationally  However,  it  is  less  useful  if  history 
effects  associated  with  spanwise  convection  are  not 
small,  and  several  features  typical  of  three-dimensional 
separations  are  precluded 

Figure  1  illustrates  a  portion  of  a  periodic  separation 
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Kinematic  constraints  Integrating  the  continuity 
equation  over  the  x-y  plane  (to  an  arbitrary  closed 
boundary  in  the  plane)  gives 

ilOU/dx)dxdy  +  JIOV/ay)dxdy  +  ffOW/a7)dxdy  =  0 

By  Green's  theorem  the  first  two  terms  become  contour 
integrals,  to  give 

^Udy  -  Kdx  +  ||(aW/d7),dxdy  =  0.  (1) 

where  the  contour  integrals  are  taken  counter  clockwise 
Now.  on  a  (projected)  streamline  dy/dx  =  VAJ.  so 


Fig  2  Streamlines  on  x«y  planes,  i)  Region  B 
OW/az  >  0).  li)  Region  A  OW/dz  *  0), 

III)  Region  C  (aw/dz  <  0) 


line,  where  the  flow  upstream  of  separation  is  from  top  to 
bottom.  Three  regions.  A.  B  and  C  are  identified,  as  are 
the  axes  to  be  used  in  the  discussion  of  each  region,  y  is 
perpendicular  to  x  and  z.  Region  A  is  the  spanwise 
invariant  region  (if  one  exists)  •  that  is.  where  a/dz  is 
everywhere  zero,  Assuming  that  the  flow  is  spanwise- 
invanant  in  A  and  symmetrical  in  B  and  C  (about  the  x-y 
planes)  then  some  strain  rale  terms  are  zero,  as  shown 
below  (dU/dy  is  the  primary  strain  if  x  is  taken  in  the 
mixing-layer  direction,  and  y  perpendicular)  The 
pressure  gradient  is  also  included 


In  region  A-  (3U/dx)  *  0. 

OU/8y)  *  0. 

(au/ai)  =  0, 

(av/3x)  0. 

(av/dy)  *  0, 

(avrti)  =  0, 

(dW/3x)  t  0 
and  (dp/dz)  s  0 

(aw/ay)  *  0 

(aw/aa)  =  0 

On  planes  of  symmetry  in  B 

and  C' 

OU/3x)  *  0. 

(au/ay)  *  0, 

(aurti)  =  0. 

OV/3x)  *  0. 

(av/ay)  *  0, 

(av/ai)  =  0, 

OW/3x)  *  0. 
and  (3p/dz)  =  0 

(aw/ay)  =  0 

ow/ai)  *  0 

Thus  the  flows  on  the  symmetry  planes  of  B  and  C  appear 
to  be  of  particular  interest  in  that,  compared  with  the 
two-dimensional  case,  only  dW/dz  is  non-zero  and  is 
expected  to  be  of  opposite  sign  in  A  and  B  (see  below) 
However,  rxpenmenial  determination  of  dW/dz  would 
need  careful  measurements  either  side  of  the  symmetry 
plane  Of  '’our«f,  a  symmetrical  geometry  is  only  a 
necessary  condition  for  symmetrical  flow  not  a  sufficient 
one  Tile  flows  In  Regions  6  and  C,  as  distinct  from  flows 
on  the  symmetry  planes,  are  examples  of  more  general 
three-dimensional  flows  A  further  feature  of  symmetry 
of  flow  in  Regions  B  and  C  is  that  mass  flow  is  conserved 
between  the  symmetry  planes  through  B  and  C,  and  this 
would  have  computational  advantages  in  a  domain 
between  these  planes 


along  a  streamline  The  third  term  in  equation  (1) 
represents  the  net  mass  flow  into  or  out  of  the  plane  and 
equations  (1)  and  (2)  imply  that  a  separating  streamline 
IS  not  the  attaching  streamline  except  in  the  spanwise- 
invariant  case  (where  d/dz  s  0),  as  illustrated  m  figure  2 
for  a  separation  on  a  fence  and  splitter-plate,  where  it 
has  been  supposed  the  flow  is  from  B  towards  C.  Figure  3 
IS  an  illustration  of  the  flow  in  the  three  regions 
(assuming  symmetry  in  B  and  C  and  spanwise  invariance 
in  A). 


EXPERIMENTAL  TECHNIQUES 

In  all  cases  reported  here  the  separations  have  been 
developed  on  a  fence-plus-splitier-plate  arrangement  (as 
in  figure  3).  with  the  splitter-plate  mounted  horizontally 
in  the  centre  of  a  wind  tunnel  working  section  of  0.61m 
Width  X  0  76m  height.  The  plate  thickness  was  3mm  and 
the  fence  height,  hf,.  was  4mm  for  the  surface  patterns, 
and  3.5mm  for  most  of  the  remaindei  Surface  (limiting) 
streamlines  were  determined  using  conventional  surface 
paint  and  the  ink-dot  method  of  Langston  &  Boyle  (1982) 
which,  unlike  surface  paint,  is  able  to  distinguish  the 
stress  vector  direction,  and  was  also  found  to  be  better  in 
regions  of  very  low  shear  stress.  Mean  velocities  «nd 
Reynolds  stresses  were  measured  by  means  of  a  small' 
pulsed-wire  probe,  of  6mm  pulsed  and  sensor  wire 
lengths,  supported  from  the  underside  of  the  spinier 
plate  and  passing  through  a  small  hole  m  the  plate 
Interference  effects  associated  with  the  probe  support 
were  negligible  Surface  pressures  were  obtained  by 
means  of  pressure  tappings.  The  upstream  speed  was 
about  9m/s,  limited  primarily  by  the  maximum-velocity 
of  (he  pulsed-wire  anemometer 


Fig  3.  Sketch  of  separation  and  attachment 

streamlines  downstream  of  a  fence-plus- 
splitter  plate 
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RESULTS 

.Surface  streamlines  Figures  4  and  5  show  the  limiting 
streamlines  for  a  fence  and  splitter  plate  spanning  the 
width  of  the  tunnel,  for  sweep  angles  of  0®,  4*.  10®.  and 
25®  Saddle  and  foci  singularities  of  shear  stress  arc 
indicated  by  S  and  F.  respectively  (No  node  singularities 
were  observed  in  these  cases )  As  the  sweep  angle  is 
increased  the  singularities  move;  the  numbers  attached 
to  each  denote  corresponding  singularities  Assistance 
in  interpretation  in  some  pans  of  the  surface  flow  was 
gained  from  surface  patterns  (not  shown)  downstream  of 
a  larger  fence  which  gave  a  larger  distance  to 

reiliachment  and  greater  detail,  but  at  a  reduced  aspect 
ratio  Reducing  the  thickness  of  the  boundary  layers  on 
the  wind  tunnel  side  walls  by  means  of  end  plates  fitted 
parallel  to  the  side  walls  resulted  m  very  simitar  surface 
patterns  though  of  slightly  reduced  aspect  ratio 

The  aspect  ratio  of  the  present  measurements,  W/hf  »  ISS. 
IS  more  than  twice  as  large  as  than  that  used  by  Jaroch  St 
Fernholz,  and  considerably  larger  than  that  used  by 

Rudench  St  Fernholz  and  Castro  St  Haque  However,  the 
surface  lines  in  the  centre  of  the  unswept  case  (fig  4a) 
are  not  highly  two-dimensional.  Though  not  observed 

clearly  (here  was  a  secondary  separation  line  at  roughly 
Xa/S  (*4hf)  from  the  fence,  possibly  with  a  node  of 
separation  in  the  region  of  X  The  motion  between  the 

fence  and  the  secondary  separation  was  obviously  weak, 

but  It  should  not  be  automatically  supposed  that  (he  flow 
in  this  region  is  therefore  unimportant  Another 
possibility  for  the  surface  pattern  in  the  region  of 

appears  to  be  a  saddle  of  separation  and  a  pair  of  foci  ot 
opposite  sense,  as  illustrated  in  figure  4b  The  latter  is 
considered  more  plausible  in  that  it  >s  consistent  with  the 
patterns  observed  at  non-zero  sweep,  and  with  the 
pattern  (at  zero  sweep)  observed  by  Jaroch  St  Fernholz  at 
an  aspect  ratio  of  W/hf  s  63  That  is.  there  is  no  'switch' 
in  the  type  of  surface  pattern,  though  the  foci  F3  and  F4 
(figure  4b)  would  appear  to  become  stronger  as  the 
aspect  ratio  is  reduced,  and  change  in  strength  as  the 

sweep  1$  increased.  The  pattern  of  Jaroch  St  Fernholz 
appears  to  imply  that  $2  and  $3  are  "pushed”  near  to  the 
side  walls  as  the  aspect  ratio  is  reduced  below  some 

threshold;  crudely,  supposing  S2  and  S3  do  not  move  with 
respect  to  the  side  walls  until  (hey  arc  very  close  this 
threshold  wguld  appear  to  be  about  50  On  (his  basis, 
previous  detailed  measurements  would  appear  to  have 
been  significantly  affected  by  three-dimensional  effects 
-  le  by  significant  (negative)  dW/dz 


Fig  4  Limiting  streamlines  for  unswept  fence  a)  0®.^ 
b)  conjecture  near  X  -  not  same  scale  as  a). 


As  the  sweep  is  increased  SI  moves  rapidly  to  the 
"downstream  side"  •  ic  to  the  left  in  figures  5a,  b  and  c  - 
and  the  focus.  F3.  becomes  apparent  The  cxistance  of  S5 
(in  fig  5b)  was  clearer  from  surface  patterns  (not  shown 


Fig  5  Limiting  streamlines  for  swept  fence, 
a)  4®.,  b)  10®.  c)  25® 
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here)  downstream  of  a  latgcr  fence  Above  about  10® 
sweep  the  centre  portion  of  the  separation  appears  to  Pc 
reasonably  spanwise  invariant,  but  for  smaller  sweep 
angles  the  presence  of  F3  near  the  centre  suggests  a  still 
larger  aspect  ratio  is  required,  assuming  the  position  of 
F3  IS  primarily  associated  with  the  How  pattern  on  its 
downstream  side  FI  and  S2  do  not  move  much  for  sweep 
angles  less  than  10®.,  but  would  seem  to  move  rapidly  to 
the  "upstream  side"  (right  side  m  figure  5)  for  larger 
sweeps.  (Surface  patterns  were  also  observed  at  sweeps 
of  2®,  6®  and  8®,  but  not  at  intervals  between  10®  and  25®.) 
S3.  S4  and  F4  are  moved  to  the  downstream  side  as  the 
sweep  IS  increased  F4,  perhaps,  becomes  very  weak 
Figures  5b  and  c  suggest  that  about  the  central  20-25%  of 

the  span  -  le,  about  1  5  reattachment  lengths  •  is 

spanwise  invariant,  and  it  seems  highly  likely  that  a 

spanwise-invariant  region  would  not  exist  for  W/hf  < 
-120  The  distance  to  attachment  measured  normal  to  the 
fence  is  roughly  invariant  with  sweep,  though  the 

distance  to  the  secondary  separation  increases  to  roughly 
8hf  for  sweep  angles  greater  than  about  10^' 
Surprisingly,  the  limiting  streamlines  of  the  secondary 
separation  were  repeatedly  obseived  to  be  closely 

parallel  to  the  fence,  rather  than  towards  the  secondary 
separation  line  as  would  be  normally  the  case,  though 

this  behaviour  may  be  associated  with  the  motion  in  the 
direction  normal  to  the  fence  remaining  relatively  weak 

In  view  of  the  above  constraint  on  aspect  ratio  we  would 
not  expect  to  see  a  spanwise-invariant  region  in  figure  6 
There  is.  nevertheless,  a  clear  topological  similarity 

between  the  central  regions  in  figures  5b  and  6. 

Moreover,  in  these  regions,  there  is  good  quantitative 
agreement  in  the  limiting  streamlines  between  the 
attachment  and  secondary  separation  lines  Thus,  it  does 
seem  reasonable  that  a  region  of  spanwise  invanance  in 
(he  pattern  would  have  existed  for  the  case  of  figure  6 

had  the  width,  W.  been  larger,  by  about  25% 

(mponantly.  these  results  also  suggest  that  if  a  region  of 
spanwise  invariance  existed  it  would  be  quantitatively 
independent  of  whether  the  flow  from  the  'upstream 
side'  originated  near  a  wind  tunnel  side  wall  or  from  a 
Region-B  flow  The  region  B  flow  is  somewhat  distorted 
in  the  flow  of  figure  6  because  of  (he  proximity  of  the 
wind  tunnel  wall) 

In  a  geometry  (not  shown)  symmetrical  to  the  wind 
tunnel  side  walls  the  region  B  flow  was  found  to  be 

symmetrical  However,  compared  with  the  foregoing 
cases  the  aspect  ratio  was  then  effectively  halved,  and 
either  F3  and  FI  had  merged  or  one  had  become  very 

weak,  neither  SI  nor  SS  were  observed  In  a  systematic 
study  of  separated  flows  as  outlined  earlier  it  is 
preferable  that  a  spanwise  invariant  region  should  exist 
adjacent  to  Region  B,  requiring  a  total  aspect  ratio.  W/hf. 
approaching  300  The  flow  in  Region  C  (not  shown)  was 
also  found  to  be  symmetrical  in  a  symmetrical  geometry, 
with  SI  on  the  symmetry  axis,  and  F3  and  its  mirror 
image  either  side 

The  variation  with  sweep  of  the  distance  to  rcatlachment, 
Xa>  the  nominally  spanwise-invariant  region,  as 
measured  from  the  surface  patterns  was  constant  at  about 
29hf.  and  agreed  with  measurements  made  by  means  of  a 
simple  two-tube  pressure-difference  probe  This 
distance  is  consistent  with  the  blockage  dependence 
given  by  Smits  (1982)  Wolf  also  found  the  distance  Xa 
independent  of  sweep  angle 

Surface  pressures  Figures  7a  and  b  show  Cp  as  functions 
of  X  and  z  respectively,  for  the  geometry  of  figure  5c.  but 
With  an  hf  of  3  5mm  From  (he  limiting  streamlines  (fig 
5c)  one  would  anticipate  the  central,  say,  20%  or  more  to 
be  «  ivgiuii  uf  spariwiav  intaridncc  However,  OCp/Oz  is 
clearly  not  zero  in  this  region,  changing  sign  about 
half-way  along  the  bubble  The  general  form  of  figure 
7a  is  in  good  agreement  with  that  measured  by  previous 
workers  (eg  Smiis,  1982)  The  spanwise  variation  in  Cp  is 
caused  by  the  presence  of  the  wind  tunnel  side  walls, 
primarily  on  the  external  flow  and  the  linear  variations 


(in  figure  7b)  arc  probably  fortuitous  Surface-pressure 
measurements  downt.iream  of  a  smaller  fence  (hfss3mm) 
exhibited  relatively  smaller  spanwise  gradients,  as 
expected  Wolf  (1987)  implies  that  the  spanwise  pressure 
gradient  was  negligible  for  an  aspect  ratio  Wa/Xa  of 
about  5,  compared  with  the  picscnl  Wa/Xa  of  about  1  5. 
where  Wa  is  measured  parallel  to  ihc  separation  line 

Making  the  simplistic  assumption  that  the  pressure  docs 
not  vary  with  y.  a  change  in  Cp  of  /^Cp,  implies  a 
fractional  change  in  external  velocity  of  OSdCp  So,  for 
ACp  *  0  05,  say.  the  velocity  near  the  edge  of  the 
separation  will  change  by  2  5%  Broadly,  this  is  in 
agreement  with  the  measured  variation  with  z  of  the 
velocity  near  the  edge,  though  it  is  also  close  to  (he 
accuracy  that  can  be  expected  for  the  ve'ocUy 

measurements  However,  although  in  these  terms  dp/dz 
fairly  small  it  is  not  small  compared  with  the  expected 

magnitude  of  the  stress  gradient  3vw/3y  which _ also 

appears  in  the  z-momentum  equation.  Taking  vw  as 
comparable  to  uv  in  a  two-dimensional  mixing  layer,  le 
about  OOlUo^  (Johnson  &  Hancock),  and  the  length  y  as 
comparable  with  the  bubble  height.  6.  (hen  (in  non- 
dimensional  terms)  dp/dz  m  figure  7b  is  of  the  same 
magnitude  as  dvw/dy  Also,  although  dp/dz  is  an  order  of 
magnitude  larger  than  dp/dx  in  the  downstream  half  of 
the  separation,  it  is  comparable  with  dp/dx  in  the 
upstream  half  Thus,  although  the  limiting  streamlines 
of  figure  Sc)  appear  to  be  closely  span-wise  invariant  it 
does  not  follow  that  d/dz  is  negligible  In  that  the  width 
of  the  apparently  spanwise-invariant  zone  is  not  much 
larger  than  one  reaitachmeni  length  this  is  not 
surprising,  but  neither  was  it  obvious  that  dp/dz  *  and 


Z(Cfri) 


Fig  7  (a)  Cp  vs  x/Xa  in  the  nominally  spanwise- 

invariant  region  (b)  Cp  vs  z  at  fixed  x, 
symbols  not  labelled  refer  to  other  x  values 
(25®  sweep) 
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pre;»umably  ai  least  some  other  d/d?  terms  •  would  be 
significant  at  the  aspect  ratio  of  figure  Sc  In  simplistic 
terms,  if  the  pressure  fields  associated  with  the  regions 

near  the  wind  tunnel  side  walls  were  constant,  dp/d? 

would  vary  inversely  with  the  width  of  the  nominally 
spanwise-invanant  zone  Wolfs  geometry  had  a  higher 
aspect  ratio  so  that  dp^dz  was  probably  smaller  than  in 
the  present  case  (but  not  zero),  unless  there  is  some 
fortuitous  difference  arising  from  their  use  of  a  bluff 
thick  plate  rather  than  the  present  fcnce-plus-splitter 
plate 

A  partial  explanation  of  the  spanwisc  invariance  of  the 
limiting  streamlines  follows  by  supposing  the  velocity 
field,  but  not  the  pressure  field,  to  be  spanwisc- 
invartani  A  two-dimensional  velocity  field  implies  a 
spanwise-invariant  surface  stress  pattern,  while  in  the 
equations  of  motion  it  permits  the  pressure  to  vary 
linearly  in  the  spanwisc  sense  -  le  p=f(x,y)+k?.  where  k  is 
a  constant  Such  a  dependence  cannot  apply  above  the 
separation  as  it  implies  non-/c'o  vorticity 

Mtan  '^tloLities  and  Jievnolds  Stresses  Figures  8  and  9 
show  U  and  W.  and  and  'Iw  measured  in  three 

planes  0  4Xa  apart,  in  the  nominally  spanwisc  invariant 
region  (As  for  the  pressure  distributions,  the  planes 

were  in  fact  parallel  to  the  tunnel  axis,  rather  than 

perpendicular  to  fence,  as  probe  traversing  was  caster, 
but  U  and  W  are,  respectively,  perpendicular  and  parallel 
to  the  fence),  Measurements,  not  inluded  here,  were  also 
made  at  x/Xa  =  0  54  and  1  09  U  and  W  show  very  hiilc 
variation  with  z  One  noticeable  point  is  that  W  is  almost 
constant  over  most  of  the  separation  near  reattachmcni 
(ic  al  0  94  and  109)  The  measurements  of  stress  in  the 
three  planes  are  generally  in  good  agreement,  although 
the  scatter  in  is  rather  large  This  amount  of  scatter 
was  the  worst  observed  *uw  is  substantial,  and 
comparable  with  uv  in  a  two-dimensional  mixing  layer 
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Fig  9  As  for  fig  8a  (a)  and  8b  (b)  but  at  x/Xa  =5  0  94 


Figures  10  and  11  show  U  and  W,  andT^.  and  Uw  in 
nominally  spanwisc  invariant  zones,  where  ’  one  ease 
the  cross  flow  originated  near  a  wind-tunnel  aide  wall, 
and  in  the  other  ease  from  a  Rcgion-B  flow  (as  m  figure 
6  but  at  25®  sweep)  In  the  latter  case  the  fence  height 

was  smaller  in  order  to  maintain  a  comparable  aspect 

ratio  for  (he  spanwise  invariant  region  Midway  along 
the  two  separations  there  is  little  difterencc  m  the  mean 
velocities  or  stresses,  the  slight  difference  in  negative  U 

being  attributable  to  the  Sniall  difference  in  x/Xa 
however,  near  reaitachmcnt,  the  differences  in  U  near 
the  edge  of  the  separation,  and  in  the  stresses,  arc  more 
marked  Thus,  though  provisional  al  this  stage,  it 
appears  that  there  is  some  residual  side-wall  effect  even 

at  the  present,  comparatively  large  aspect  ratio 


Fig  8a  U  and  W  in  three  spanwisc  planes  0  4Xa  apart 
x/Xa  =  0,27  (25"  sweep)  '^■0.. 

(Symbol  order  is  in  direction  of  increasing  z) 


39)  . 


Fig  8b 


"u^,  and  uw  in  the  three  planes  of  a) 

*uT  □ .  X  .■  ,  A  ,  uw,  ^  ♦  (Symbol 

order  IS  in  direction  of  increasing  z) 
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Fig  10a  U  and  W  open  symbols  geometry  as  in  fig  jc 
(x/Xa  =  0  54)  Filled  symbols  -  crankca  fence  as 
in  fig  6.  but  25*  sweep  (x/Xa  =  0  58) 


9-5-5 
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Tig  10b  u2,  w2  and  uw  corresponding  to  fig  10a 
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Fig  lla  U  and  W'  as  fig  10a  but  at  x/Xa  =  1  0  (filled 
symbols)  and  x/Xa  =  0  94  (open  symbols) 


Fig  lib  u^.  and  corresponding  to  fig  11a 


Three  types  or  regions  of  three-dimensional  separated 
flow  have  been  considered,  and  are  of  particular  interest 
in  terms  of  extra  strain  rates  Even  for  W/hf  =155  surface 
flosv  patterns  showed  distinct  three-dimcnsionality  in 
the  unswept  case  The  topology  ol  the  surface  pattern 

seems  to  show  a  continuous  change  as  the  strength  of  the 
cross-flow  increases  Some  singularities  become  strong, 
while  others  become  very  weak  Spanwise  invariance  in 

the  surface  How  is  a  necessary  though  not  sufficient 
condition  for  genuine  spanwise  invariance.  The  wind- 
tunnel  side  walls  cause  significant  departure  from 
spanwise  invariance  even  for  W/hf  =  174,  though  the 
effect  on  the  flow  structure,  except  perhaps  near  the 
surface,  is  small.  The  effect  of  flow  near  the  'upstream 
sidewall'  may  be  significant  near  reatlachmeni  even  for 
large  aspect  ratios  of  W/hf  =  -170  Flows  in  regions  B  and 
C  (figure  2)  are  symmetrical 
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ABSTRACT 

Siaiislicai  characicristics  of  particles  suspended  in  an 
homogeneous  and  steady  fluid  turbulence  have  been 
studied  using  Large  Eddy  Simulation  (L  E  S  ) 
Compulations  have  been  earned  out  for  three  typical 
paiiiclc/fluid  density  ratio  {p2/pi  =  2000.  2  and  0001) 
with  the  particle  equation  of  motion  'nciuding  dragg. 
fluid  pressure  and  added-mass  forces 

Numerical  predictions  arc  compared  with  analytical 
expressions  obtained  by  an  extended  approach  of  the 
Tchen's  ihcorv  which  takes  into  account  crossing- 
trajectories  effects  In  parallel,  the  computation  of  the 
particulate  transport  coefficients  validates  closure 
assumptions  used  in  the  frame  of  the  Euterian  two-fluid 
modelling  with  a  special  care  about  the  separate 
contribution  to  dispersion  induced  by  the  transport  of 
particles  b>  the  turbulent  fluid  motion 

INTRODUCTION 

This  study  takes  pan  in  a  more  general  work  on  the 
numerical  prediction  of  turbulent  dispersed  two-phase 
flows*  using  Eulcrun  equations  for  both  phases  In  this 
approach,  the  general  equations  set  governing  particle 
motion  in  homogeneous  and  steady  turbulent  two-phase 
flow  leads  to  identify  several  terms  which  contribute 
simultaneously  to  the  particle  dispersion  mechanism 

Thus,  the  correlation  between  the  instantaneous 
distribution  of  particles  and  the  fluid  velocity 
flucluatiu'i-  at  Urge  scale  with  respect  to  the  particle 
diameter,  induces  a  separate  contribution  which 
predominates  for  particle  diameter  tending  towards  zero 
Based  on  scmi-cmpincal  analysis,  this  contribution  may 
be  written  in  terms  of  a  binary  turbulent  dispersion 
coefficient  proportional  to  the  mean  product-  bciv/cen 
velocity  fluctuations  of  the  two  phases  and  an  eddy- 
pariiclc  interaction  time  (Simonin.  1990) 

In  order  to  analyse  the  accuracy  of  closure 

assumptions  used  to  compute  dispersed  phase  transport 
coefficients  mean-square  of  velocity  fluctuations  and 
fluid-pariiclc  turbulent  interaction  terms,  we  have 
investigated  the  staiisiical  characteristics  of  particle 

clouds  suspended  in  an  homogeneous  and  steady  fluid 

turbulence  using  Large  Eddy  Simulation  rc.sults 

BASIC  EQUATIONS 

Averaged  field  equations 

In  the  two-fluid  model  formulation,  the  field  equations 
for  each  phase  can  be  derived  directly  from  the  local 
instant  conservation  equations  m  single-phase  flow  by 
density-weighted  averaging  wiin  in  addition  average 

balances  of  mas.s.  momentum  and  energy  at  the 
interfaces  By  assumption,  (he  mean  spacing  between 
particles  IS  assumed  to  be  very  small  with  respect  to  the 
scale  ot  variations  in  the  mean  flow  Therefore  the 
method  of  avcraginR  associated  to  the  disnrrsrrf  nhasr 
can  be  expressed  at  any  point  as  an  ensemble  average 
taken  over  the  large  number  of  particles  included  in  a 
reference  time-space  domain  centred  on  the  point, 

Restricting  our  attention  to  isothermal  mixtures, 
where  no  phase  change  occurs,  the  field  equations  for 
the  two-fluid  model  is  written  assuming  that  the 


granular  stress  due  to  intcrparliclc  collision  and  the 
molecular  viscous  stress  in  the  fluid  phase  arc 
negligible 

Mass  balance 

-  ^OkPiU..  =  0  (1) 

U  I, ,  IS  the  mean  velocity  i-componcnl  tor  the 

continuous  (lc=l)  and  dispersed  phases  (ks2)  respectively. 
IS  the  volumetric  fraction  and  p,,  the  mean  density 

Momentum  balance 

+  ct  ,.g, 

d  (2) 

u  .  IS  the  fluctuation  of  the  local  instantaneous  velocity 
and  <  >1,  (he  averaging  operator  associated  to  phase  k. 

ttkPiU»^  =  ak<  p^,>t  <pu'’,>k=0 

P.  IS  the  mean  pressure  of  the  continuous  phase. 

U ,  IS  the  part  of  the  in  crfacial  momentum  transfer 
rate  between  phases  which  remains  after  subsiraciion  of 
the  mean  pressure  contributions 

Interfacial  momentum  transfer 

If  we  consider  a  dilute  dispersion  of  small  rigid 
spheres  in  translation  with  relative  motions  of  low 

Reynolds  number,  the  resulting  force  induced  by  the 
surrounding  nonuniform  fluid  flow  on  each  point 
included  m  the  dispersed  phase  can  be  wntten 


Vf,  IS  the  local  instantaneous  relative  velocity  defined 
on  each  point  included  in  the  particulate  phase  and 
given  by  v^,  =  uj,*  ui.  . 

uj,  IS  the  translation  velocity  of  the  particle  which 
contains  the  point. 

ui  I  IS  the  characteristic  velocity  of  the  surrounding 
flow  field  locally  undisturbed  by  the  presence  of  the 
particle  but  which  remains  turbulent 

The  first  three  icrtiis  on  the  right-hand  side  of  fcq  (3) 
correspond  to  the  drag,  the  added  mass  and  the  Basset 
history  force  respectively  The  Iasi  two  terms  arc  due  to 
the  stress  applied  on  the  particle  by  the  undisturbed 
surrounding  fluid  flow  The  dcrvaiive  d/dt  is  used  there  to 
denote  a  time  derivative  following  the  moving  particle 
Since  Tchen’s  proposal,  several  papers  have  appeared 
correcting  or  modifying  terms  in  the  equation  of 
particle  motion  Avcordtng  to  GatigOvi]  (1^83),  the 
approximate  form  u>cd  there  is  valid  at  low  particle 
Reynolds  number,  if  the  representative  lime  of  the 
variation  rate  of  the  undisturbed  fluid  flow  is  of  the  same 
order  as  the  characteristic  lime  of  the  viscous  effects 
acting  on  the  particle  At  high  particle  Reynolds 
number,  we  must  notice  that  the  fluid  velocity 


lO-l-l 


dcnvaiivcs  m  the  equation  {^)  should  be  expressed  in 
terms  of  the  change  along  the  flutd  cicmcni  trajectory 
This  modification  could  be  especially  important  in 
predicting  the  motion  of  bubbles  m  a  liquid 

rinall>.  consiitutiNC  relations  for  the  intcrlacial 
iransler  terms  !k ,  in  the  basic  Eulcrian  equations  may 
derive  by  averaging  from  the  paniculate  expression 
Special  care  is  required  to  take  into  arcount  the 
dispersion  effect  due  to  the  fluctuations  of  the 
momentum  transfer  terms  (Simonin,  1990) 


EULERIAN  MODELLING  OF  PARTICLE  DISPERSION 

Particle  dispersion  in  homogeneous  turbulence 
In  the  framework  of  the  diffusion  approximation,  the 

flux  induced  by  the  random  motion  of  fluid  (or  discrete) 
particles  is  written  in  terms  of  the  gradient  of  the 
volumetric  fraction  as 
.. 

ttkL’i  -  D.  (4) 

dXj 

the  effective  turbulent  diffusion  lor  dispersion)  tensor 

components  arc  given  bv 

nl,-  y,  (5) 

2  dt 


where  <yk,ykj>k  ‘S  the  time-dependant  displacement 
icnsor  of  fluid  (k»l)  and  discrete  (k=2)  particles 

For  long  time  dispersion,  the  dispersion  tensor  can  be 
related  to  the  velocity  correlation  field  by 

s  V<  u  f  Ri,.,(x)dt 

•'o 

where  the  I  agrangian  correlation  tensors  Ri  and  R2  arc 
computed  along  the  fluid  and  discrete  particles 
trajectories  respectively  and  correspond  with  the 
energy  spccirurrs  Ei  and  Ej  by  Fourier  transformations 
Finally,  it  is  convcnicni  to  define  a  Lagrangian 
integral  time  scale 


(7) 


D;.,'  d'i2.,,  +  l'z[  <11  2,1' 2j>:  -  b  cu’ 1  ,u  ij>2]  (ID 

Finally,  the  effective  dispersion  tensor  of  the 
particulate  phase  is*  obtained  as  the  sum  of  a  binary 
turbulent  dispersion  cocllicicnt  and  a  contribution  due 
to  the  random  nioiion  ol  panicles  and  ihe  lluciuations  ot 
the  fluid  pressure  and  added  mass  loKCs  I  his  laic 
contribution  is  proportional  to  the  panicle  relaxation 
lime  and  so  bccoiiics  negligible  khen  the  panicle 
diameter  tends  towards  zero  And  the  other  hand,  the 
equation  (11)  points  out  the  prominent  part  plays  by  the 
mean-square  of  velocity  fluctuations  when  the  particle 
relaxation  lime  is'  increasing  Thus,  accurate  predictions 
of  particIc-laden  turbulent  flows  in  the  Eulcrian 
formalism  require  reliable  knowledge  of  the  individual 
components  of  the  dispcrscd-phasc  Reynolds  stress 
tensor  (Simomn.  1991) 

Particles  suspended  tn  turbulent  fluid  flow 

The  tradtlional  approach  used  to  Lompuic  the 
statistical  characteristics  of  the  paniculate  fluctuating 
motion.  IS  based  on  a  direct  extension  of  fundamental 
results  concerning  the  motion  of  dicrctc  particles 
suspended  in  an  homogeneous  and  steady  turbulent  fluid 
flow  In  the  frame  of  the  Tchen's  theory,  the  dynamic 
ejuaiion  for  particle  motion  is  Fourier  transformed  to 
the  frequency  domain  v'hcrc  it  can  be  solved  directly 
For  this  purpose,  we  now  introduce  the  Lagrangian 
correlation  icnsor  R ,  associated  to  the  fluciualing  motion 
of  the  fluid  compuied  along  the  particles  trajcctones 

<  u'l^d)  i"ij{i+i)>2  /  'V<ul,>2<u’lj>:  (12j 

which  corresponds  with  the  energy  spectrum  tensor  Z\ 
Then,  from  the  particle  motion  equation  (3).  using 
Fourier  transformations,  we  may  establish  a  linear 
relation  between  energy  spectrums  with  the  help  of  the 
so-called  particle  response  coefficient  O12  (Goucsbet  ct 
al  .  1984)  wr.iien  analytically  in  terms  of  three 

independant  dimensionless  parameters 


In  order  to  steady  turbulent  dispersion  phenomenon 
in  the  twO‘fluid  model  formalism,  we  consider  a  dilute 
distribution  of  particles  (a  2  «  1)  suspended  in  an 
homogeneous  and  steady  turbulent  fluid  flow  T’ m.  the 
particulate  flux  can  be  written 

a2U:j=  «2[v,,,  +  V.jj 


Ei„(ro)=  OrCt^  d  .Cii/Vir.b)  E|„((i)  (13) 

Thus,  the  turbulent  correlation  Icnsoi.  the  effective 
dispersion  tensor  and  the  mean-square  velocity  of  the 
dispersed  phase  (but  also  the  velocity  covariance 
between  phases)  can  be  computed  by  numerical 
integration  using  a  given  form  of  the  fluid  Lagrangian 


correlation  tensor  R,.  for  instance  one  obtains 
V  f  I .  the  averaged  value  of  the  local  relative  velocity.  . _ 


c.in  he  obtained  from 

the  momentum  equation 

(2)  as 

Ua,,  =  ■<'i2„V<  u’L>2  <  U"lj>2 

t'.2„  =  (  Rl.id)*  d'’) 

a2  V,,,  =  -  T  .2  <  u"2 

,u':,>2  -  bt|2<  l'l,,U’2.>2 

11:“' 

f.  where  ti2  .  the  fluid-particle  Lagrangian  integral  time 

where  t,2  is  the  characteristic  lime  of  particle 

or  eddj  -particle  interaction  time,  characterize  the 

dragging  by  the  continuous  fluid  motion  or  particle  fluid  turbulence  vieweu  by  the  particles 

relaxation  lime  But.  we  must  notice  tlial  the  fluid  correlation  icnsor 


[ 

1  .•  c  J  *  c  J 

(«), 

(Pl 

‘  Pl  J 

V^,.  the  drifting  velocity,  is  equal  to  the  correlation 
between  the  instantaneous  distribution  of  particles  and 
the  velocity  Huctuaiions  of  the  undisturbed  fluid  flow 

<  Ui,>2  -  Ui,-  <  U",j>2  (9), 


.’nd  lakes  into  account  the  dispersion  effect  due  to 
particles  transport  by  turbulent  fluid  motion  According 
to  the  limn  case  of  particles  with  diameter  tending 
towards  zero,  for  which  the  drifting  velocity  reduces  to 
the  single  turbulent  correlation  between  the  volumetric 
fraction  nf  the  dispersed  phase  and  the  velocity  of  the 
continuous  phase,  the  velocity  V^.is  written  as  follows  - 
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02  dXj 


1  dOj 

a  ]  dxj 


(10) 


Thus,  according  to  the  previous  expression  of  the 
particulate  flux,  the  effective  turbulent  dispersion 
tensor  for  discrete  particles  can  be  directly  related  to  the 
fluid-particlc  one 


R|.  which  leads  to  the  previous  results,  is  wriiicn  in 
terms  of  the  fluid  velocity  fluctuations  encountered 
along  the  discrete  particle  trajectories  In  general,  this 
correlation  tensor  can  not  be  identified  directly  with  the 
standard  one  R]  computed  along  the  fluid  clcmenl 
trajectories  As  a  matter  of  fact,  this  identification  is 
probably  the  more  questionable  approximation  of  the 
Tchen's  theory  and  is  justified  by  the  assumption  that, 
during  its  motion,  the  neighbourhood  of  each  particle 
will  be  formed  by  the  same  fluid  element  But,  for 
•nstancc.  for  a  non-zero  mean  relative  velocity  between 

phases,  the  modifications  in  the  fluid  turbulence  viewed 
from  a  reference  frame  moving  with  the  particulate 
phase  lead  to  the  so-called  crossing-trajectories  effects 
which  clearly  reduce  the  dispersion  of  the  particles 

Cro.s  sing' trajectories  effects 

Using  a  slightly  different  method  than  the  one 

proposed  by  Csanady  (1963).  we  can  note  that,  when  the 
instantaneous  displacement  of  the  particles  is  dominated 

bv  the  mean  relative  velocity,  the  Lagrangian 
correlation  R  stands  for  an  Eulcrian  space  correlation 
of  the  fluid  velocity  fluctuations  Thus,  restricting  our 
attention  to  homogeneous  and  isotropic  fluid  turbulent 
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riow^,  [he  Lagrangian  corrcUUon,  parallel  lo  the  mean 
relative  velocity  dircution  t.  is  written 


Hiat)  ^  ^  /(timJ  (  '5) 

where  the  eddy. particle  inicracijon  lime  »s  given  by 

~l  ,  _  2 

I|;l  =  t'l[  1  ^  3^4^]  ‘  3=  ~J 

Li  qi 

q*  I',  the  Muid  turbulent  kinetic  energy.  Ij  is  the 


Eulenan  length-scale  and  ti  is  the  fluid  Lagrangian 
lime  rnacroscalc 


Neglecting  [be  Basset  force,  we  can  compute 
analytically  from  equation  fl3)  the  longitudinal  velocit) 
Variance  of  the  dispersed  phase,  and  the  velocity 
covariance  between  the  two  phases,  m  terms  of  the  fluid 
turbulent  kinetic  energy  viewed  bv  the  particles 


<  11'  2lU"2i72 


<  u'u 


>2 


b  t-nrCl 
I  +  nr.£_ 


.  ..  b 

<  U  l[U  2,1?!  -  <  U  |.>2|  I  4-11,  J 

We  can  notice  that  previous  expressions  are  affected  by 
inertial  and  crossing-trajcctoncs  effects  simultaneously, 
through  the  characteristic  times  ratio  b, 

If  the  instantaneous  distribution  of  particles  and  the 
tluid  turbulent  kinetic  energy  arc  uncorrelatcd  so  that 

<  u"!j?2  ^  *=  u'!j>i  =  2/3  ql 


we  obtain  front  ( I4j  the  expression  proposed  by  Csanady 
for  the  effective  particle  dispersion  coefficient 

dLi  =  d',[  1  +  p“4?l  '  (18) 

Comparison  of  the  previous  equation  with  experimental 
results  (Wells  and  Stock.  1983)  shows  a  good  agreement 
and  leads  to  the  approximate  value  of  »  0  45 

Following  Csanady  proposal,  we  may  assume  same 
forms  for  the  lateral  turbulent  characteristics  than  for 
the  longitudinal  one,  but  wnh  a  different'  eddy-particle 
interaction  iim®  because  of  the  continuity  effect 

_  I 

x]ll  >  l'l[  I  +4p*4?]  *  J«  t  (19) 


Finally,  the  flu.d-paniclc  dispersion  cocfricicnt  may 
be  wriiicn  in  terms  of  the  velocity  covariance  and  the 
eddy-particle  interaction  tune  as 

f^l2ij~^l2*J*'UliU2j^2  (20) 

Thus,  substituting  analytical  expressions  for  the  kinetic 
stress  tensor  components  in  the  definition  of  the 
effective  particle  dispersion  tensor  from  the  two-fluid 
model  formalism  (11),  we  obtain  the  equality  (14)  due  to 
the  direct  Fourier  resolution  of  particle  motion  equation 


Particle  kinetic  stress  in  simple  shear  flow 

The  computation  of  particle  velocity  fluctuations 
depends  on  the  interaction  with  the  Huid  turbulent 
motion,  but  is  also  modified  by  the  mean  gradient  of  the 
particle  velocity  Restricting  our  attention  to  dilute 
concentrations  of  heavy  particles,  we  may  obtain  from 
the  second-moment  transport  equations  (Simomn.  1991). 
by  neglecting  convective  and  diffusive  transport,  the 
following  equation  for  the  off-diagonal  correlations 

=  ^I2jj 


1 

2 


p 

To 


<  “  2.,u 


3U, 


+  <  U  2jU  2^>2-; 


aUi, 


.(21) 


where  the  first  contribution,  which  results  from  the 
local  dragging  bv  trtc  fluid  lurhuten!  »"Ot:on.  ts  equal  to 
the  fluid-pariicle  symmetrical  correlation  tensor  Ri3.,j 

R.2.,  =  |[<  “'b“  2j’’-  ■*  '  (22) 


The  set  of  equations  governing  the  fluid-particlc 
correlation  tensor  cannot  be  derived  exactly  from  the 


local  msianiancous  equations  Nevertheless,  from  an 
approximate  form  of  the  fluid  velocity  fluctuation 
equation  of  the  Langevin  type,  we  may  obtain  a  practical 
form  of  the  second-moment  equation,  which  reads, 
neglecting  convcciuc  and  diffusive  transport,  as  follows 


<  U  I..U  2j>2  =*  <  i*  I 


T|2 

\  4-Tl, 


(21) 


<  U  I^u  :;„>2- 


au. 


aui 


Thus  if  the  fluid  Reynolds  shear  stress  viewed  by  the 
particles  may  be  computed  with  the  help  of  the  eddy 
viscosity  concept  in  terms  of  the  cddy-partidc 
interaction  time  and  the  fluid-particlc  velocity 
correlation,  providing  (hat  the  mean  gradient  of  the 
relative  velocity  may  be  neglected,  we  obtain  the  eddy- 
Viscosity  of  heavy  particle  clouds  suspended  in 
homogeneous  turbulence  as 


‘  >1  1  »■  2  2 
V2  ‘  t,2  -qi2  ^ 


(24) 


Like  the  dispersion  coefficient,  the  particulate  eddy- 
viscosiiy  IS  written  as  the  sum  of  two  separate 
contributions  proportional  to  the  eddy-particle 
interaction  time  and  the  particle  relaxation  time 
respectively  According  to  the  effective  dispersion 
coefficient  expression,  the  Schmidt  leads  to  1/2  for 
"large"  heavy  particles  (T1r<<  1)  And  the  other  hand,  the 
pievtous  expression  is  consistent  with  the  modelling  of 
the  fluid  turbulence  when  the  particle  diameter  is 
tending  towards  zero  (t|,  »  1) 

On  the  contrary,  if  the  fluid  turbulence  remains  fully 
isotropic  corresponding  to  a  zero  fluid  velocity  gradient, 
the  effective  eddy-viscosity  of  the  particle  clouds 
reduces  to  the  following  expression 


I  F  2  ^ 


(25) 


which  IS  decreasing  with  the  particle  relaxation  time, 
but  has  the  same  limit  than  (24)  for  "large"  particles 


Large  eddy  similation  method 

Fluid  turbulence  predictions 

The  computations  of  particle  trajectories  in 
homogeneous  fluid  turbulence  require  the  knowledge  of 
the  instantaneous  three-dimensional  velocity  field 
Though  the  Direct  Simulation  is  the  approach  the  most 
satisfactory  from  the  theoretical  point  of  vue.  it  is  not 
practical  owing  to  the  limitation  to  low  Reynolds  number 
turbulence  But,  as  the  dominant  process  in  particle 
displacement  is  the  interaction  with  the  large  scales  of 
the  fluid  velocity  field,  we  can  used  Large  Edd> 
Simulation  with  a  good  accuracy  The  numerical  methods 
used  there  have  been  developed  for  many  years  at  the 
"Laboratoirc  National  d’Hydrauliquc"  (Khoudli.  1988) 

The  fluid  equations  are  unchanged  by  the  presence  of 
the  particles  since  the  volume  fraction  of  the  particles 
and  (he  interfacia!  momentum  transfer  arc  assumed  to 
be  negligible  The  homogeneous  and  isotropic 
turbulence  field,  obtained  from  simulation  using  64^  grid 
points,  stands  still  artificially  by  adjustement  of  the 
spectrum  by  comparison  with  the  theoretical  von 
Karman-Pao  form  Fluid  turbulent  characteristics 
correspond  to  the  initial  measurements  of  Wells  and 
Stock  experiment  (1983)  in  a  grid-generated  turbulence 

Particle  tracking  algorithm 

In  order  to  minimize  numerical  bias,  suiistical  results 
for  each  ease  were  obtained  from  an  ensemble  of  about 
250(10  pamrl^  traj'*c‘ories  Special  adempts  were  made  :n 
the  treatment  of  the  particle  motion  concerning  the 
projection  of  instantaneous  flu'J  characteristics  on  the 
position  of  the  particles  and  the  time  integration  of  the 
dynamic  equation  (Deuisch  and  Simonin,  1991) 

The  particle  momentum  equation  was  time  advanced 
using  a  second-order  Rungc-Kuita  scheme  with  the  same 
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time  step  as  for  the  fluid  vclocilv  field  culculaiton  The 
particles  were  released  with  an  iniiial  vcIocil>  equal  lo 
the  local  inManiancous  iluid  velocity  To  remove  the 
influcnic  of  the  release  conditions,  the  particles  were 
allowed  to  disperse  somewhat  before  the  siaiislics  were 
calculated  The  Basset  force  contribution  is  assumed  to  be 
negligible,  this  assumption  may  reduce  the  practical 
accuracy  of  the  simulations  for  the  lightest  particles  but 
docs  not  affect  the  comparison  with  the  theoretical 
results  obtained  in  the  frame  of  the  Tchen's  thcorv  and 
based  on  the  same  assumption 

RESULTS  AND  DISCUSSION 

Particles  suspended  in  turbulent  fluid  flows 
In  a  first  step,  computations  were  earned  out  for  //.  ro* 
mean  relative  velocity  (without  gravity)  and  three 
typical  particlc/fluid  density  ratio  (P2/P1  =  >000.  2  and 
0  001)  with  various  particle  diameters  in  order  10  modify 
appreciably  the  panicle  relaxation  time 

The  results  validate  the  theoretical  expressions 
derived,  in  the  frame  of  two-fluid  model  formalism,  for 
the  dispersion  coefficient  (figure  3)  and  the  velocity 
fluctuations  (figures  4  to  9)  in  terms  of  the  fluid 
turbulent  characteristics  viewed  by  the  particles  Thus, 
in  order  to  improve  the  accuracy  of  Eulenan  predictions, 
the  closure  assumptions  should  take  into  account  the 
tendency  of  the  fluid-particic  Lagrangian  integral  time 
scale,  or  cddy-particIc  interaction  lime,  to  increase  for 
large  values  of  the  particle  relaxation  time  (figure  2) 

As'  the  panicle  disper.sion  coefficient  can  be  written 
as  proportional  to  the  cddy-pariiclc  interaction  lime" 
using  Eq  (14),  it  may  be  pointed  out  (figure  3)  that  the 
panicle  dispersion  coefficient  may  be  greater  than  that 
of  fluid  elements  But.  for  practical  purpose,  this  effect 
must  be  compared  with  the  increase  of  effective 
dispersion  (up  to  ten  limes  more)  observed  in  particle- 
laden  jets  predictions  (Simonin.  1990)  and  due  to  (he 
memory  of  injection  conditions  on  the  particle  velocity 
correlations  distribution 

And  the  other  hand,  the  results  of  simulation  for  the 
lightest  particles  (pj/pi  =  000!)  exhibit  large  statistical 
bias  (figure  1)  due  to  the  correlation  between  the 
distribution  01  ihe  particles  and  the  local  instantaneous 
fluid  turbulent  kinetic  energy,  corresponding  to  a 
strong  preference  to  collect  in  regions  of  low  velocity 
According  to  the  analysis  based  on  the  Fourier 
transformation  of  the  dynamic  equation  (Gouesbei  cl  al  . 
1981).  the  kinetic  energy  of  the  lightest  particles  is 
locally  larger  than  the  one  of  the  fluid  turbulence 
viewed  by  the  particles  (figure  6).  but.  due  to  the 
statistical  bias,  remains  smaller  than  the  average 
turbulent  kinetic  energy  of  the  whole  fluid  Dow 

In  addition.  Figures  10  to  12  show  the  separate 
contribution  of  the  fluid-particle  dispersion  coefficient 
induces  by  transport  of  particles  by  fluid  turbulent 
motion  These  results  are  consistent  with  the  idea  that 
the  dispersion  of  the  very  small  discrete  particles  is 

mainly  controlled  by  the  fluid  turbulent  mixing 
However,  we  can  note  the  surprising  results  that  the 

fluid-particle  dispersion  coefficient  for  the  lightest 
particles  may  be  larger  than  the  effective  one  owing  10 
the  fact  that  undisturbed  fluid  pressure  and  added  mass 
effects  induce  a  negative  contribution 

Crossing-trajectories  effects 

The  effect  of  non-?cro  mean  relaiivc  velocity  of 

particles  crossing  a  stationary  homogeneous  turbulent 

field  IS  studied  based  on  results  of  the  Large  Eddy 
Simulation  for  different  values  of  the  extcrial  force 
applied  on  the  heavy  particles  (P2/P1  =  2000) 

1  .gurcs  13  compare  the  fluid-particic  Lagrangian 
integral  time  scales,  computed  from  the  L  E  S  results, 
with  analytical  expressions  (16)  and  (19)  with  =  0  45 
We  can  note  a  fine  agreement  between  the  simulation 
data  and  equations,  specially  for  increasing  values  of  the 
mean  relative  velocity,  Consistent  with  the  so>call‘”d 
continuity  effects,  the  fluid-particlc  Lagrangian  time 
scale  in  direction  perpendicular  to  the  mean  relative 
velocity  are  becoming  half  as  large  as  the  one  along  the 
parallel  direction  Thus,  we  obtain  that  (he  effect  of 


crossing  trajectories  rcduics  the  dispersion  of  the 
particles,  but  also  the  particle  and  fluid-particle  velocity 
correlations,  unequally  in  directions  parallel  and 
normal  10  the  mean  relative  velocity. 

Figures  14  show  an  extremely  good  agrccmcni 
between  simulated  velocity  correlations  and  analytical 
expressions  (17)  obtained  in  the  frame  of  the  Tchen's 
theory  Finally,  ligurc  15  shows  an  improvement  in  the 
accuracy  of  the  closure  assumptions  used  m  the  Eulenan 
two-fiuid  modelling  for  non-zero  mean  relative  velocity 

Particle  kinetic  shear  stress 

The  influence  of  the  mean  velocity  gradient  on  the 
heavy  particle  kinchc  shear  stress  is  studied  based  on 
particle  clouds  with  a  xj  linear  variation  of  the  mean 
velocity  component  U21  imposed  by  a  non-uniform 
cxicrnal  force  field  acting  on  (he  particles 

Firstly,  figures  16  and  17  show  that  the  computed 
paiticic  and  fluid-particle  velocity  corrcladons  stand  in 
good  agreement  with  the  analytical  expressions  (17) 
And  the  othei  hand,  the  particle  dispersion  cocfticicni, 
which  may  be  computed  from  the  displacement  tensor 
(5)  in  the  X2  direction,  is  in  very  good  agrccmcni  with 
the  ihcorciital  expressions  obtained  in  the  frame  of  two- 
fluid  modelling  and  is  correctly  reduced  according  to  an 
average  crossing  trajectories  effect  (figure  19> 

Concerning  the  L  £  S  predictions  of  the  particle 
Reynolds  shear  stress  component  <  u"2iu'2)>2  influenced 
by  the  particle  mean  velocity  gradient,  figure  20  shows  a 
fine  agrccmcni  with  the  one  obtained  is  the  sum  of  the 
separate  predicted  contributions  from  (2L  Thus,  the 
separate  contribution  Rij.j  due  lo  the  particle  dragging 
by  the  fluid  turbulence  is  decreasing  with  the  increase 
of  the  particle  relaxation  tune 

And  (he  other  hand,  figure  21  show  the  separate  fluid- 
particle  velocity  correlations  which  contribute  to  (he 
particle  shear  stress  We  obtain  a  fairly  good  agreement 
with  the  scmi-cmpincal  equation  (23).  specially  for  the 
component  <  u”;iu’')3>2  influenced  by  the  particle  mean 
velocity  gradient-  Unfortunately,  a  pan  of  these 
correlations  is  due  to  the  residual  anisotropy  of  the 
predicted  fluid  turbulence  and  thus  limit  the  accuracy  of 
(he  analysis  concerning  the  particle  cddy-viscosity 
However,  figure  18  shows  the  comparison  of  the 
(hcorctical  expressions  (24)  and  (25)  for  particle  eddy- 
viscosity  with  the  effective  one  .computed  as  the  particle 
shear  stress  predictions  and  the  mean  velocity  gradient 
ratio  The  deviation  between  predictions  and  the 
equation  (25)  is  due  to  the  residual  fluid  turbulence 
anisotropy  in  the  LES  predictions  Thus,  the  agreement 
IS  increasing  with  the  panicle  relaxation  time,  when 
dispersion  effects  arc  mainly  controlled  by  the  random 
motion  of  particles,  and  finally,  the  results  validates  the 
limit  value  1/2  obtained  for  the  particle  Schmidt  (Tir<  1) 
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Figure  1  Variance  of  ihc  fluid  vclociiy  computed 

along  particle  trajeciones  o  p*  /pi  ==  2000  , 
+  pj/pi  =  2  ,  A  p:/pi=0001 
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Figure  2  Fluid  panicle  integral  time  scale  computed 
from  L  E  S  results  Q  pj /pi  =2000  . 

+  pj/pi  =  2  .  A  p2/p,  =  0001 


Figure  3  Panicle  dispersion  coefncicnt,  companson  between  theoncal  expression  obtained  in  the  framework  of  diffusion 
approximauon  (l^  5)andEulenan  two^fluid model  formalism  (Bq  It)  respectively 
a  and  ■  for  pi /pi  =2000  ,  +  and  x  forpj/p,  =  2  >  and  4  forpi/p,  =0  001 


coefficient  computed  from  L  E  S  results  (Eq  20) .  —  dispersion  coefficients  (Eq  1 1  and  20)  computed  from 
the  particle  and  fluid-panicle  Reynolds  stress  ex^cssions  of  the  Tchen’s  theory  extension  (Eq  17) 


Figures  13  Fluid-pamclc  iniegralc  time  scale  computed  from  L  E  S  results  along  the  direcuons  parallel  fa)  and 
perpendicular  (b)  to  the  mean  relative  velocity,  comparison  with  Csanady  expression  (P^=045) 
o  .  +  and  A  L  E  S  (particle  diameter  d=  45  pm,  57  pm  and  90  pm  respectively),  —  Csanady  expression 
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Figures  14  Particle  velocity  variances  computed  from  L  E  S  results  along  the  directions  parallel  (a)  and  perpendicular  (b) 
to  the  mean  relative  velocity,  comparison  with  prediction  of  the  Tchen's  theory  extension 
Q  ,  *■  and  d  L  E  S  (paiticte  diameter  d=  4S  |im.  57  pm  and  90  pm  respectively),  —  Tchen's  theory  extension 


Figures  15  Particle  dispersion  coefficient  computed  from  LES  results  along  the  directions  parallel  (a)  and  peipendiLular(b) 
to  the  mean  relative  velocity,  companson  between  theoncal  expression  obtained  in  the  framework  of  diffusion 
approximauon  (Eq  S)  and  Eulenan  two^fluid  model  formalism  (Eq  1 1)  respectively .  o  and  ■  for  particle 
diameter  ds  45  pm,  and  K  for  particle  diameter  ds57  pm,  A  and  A  for  panicle  diameter  d=90  pm, 

—  Csanady  expression  (hq  I8) 


Figure  16  o  .  ^  ,  panicle  velocit)  vanances 

computed  by  LES  ,•  —  Tchen s  theory cxicnsiwi  (Eq  17) 


Figure  18.  A  ,  effective  particle  viscosity  computed 
fromLES  results,*^  and  —  theoncal  expressions 
obtained  in  the  framework  of  Eulenan  two  fluid 
modelling  (Eq  24  and  25) 


Figure  20 .  o  and  ■ ,  particle  shear  stress  computed  by 
LES  and  Eulenan  two  fluid  model  foimaiism  (Eq  21) . 
*  fluid'partKie  symmetrical  tensor  ( Eq  22> 


Figure  17  o  .•  a  ,  ♦  .  fiuid-particlc  velocity  covariances 
computed  by  LES  .  —  Tchen’s  theory  extension  (Eq  17) 


Figure  19  o  and  ■ .  panicle  dispersion  coefficient 
computed  from  LES  results  (cf  figure  3) ,  +  ,  fluid- 
particle  dispenion  coefficient 


Figure  21 .  Fluid-particle  shear  stress  computed  by  L  E  S 
and  Eulenan  two  fluid  model  formalism  (^  23)  respectively 
pandBfor  <u"i.iu"2j>2  andAfor  <u"2ju"i,3>2 


'vV  ”,  '' 


10-1-6 


EIGHTH  SYMPOSIUM  ON 
TURBULENT  SHEAR  FLOWS 

Technical  llnncrsKy  of  Munich 
Septemher  9  II.  1991 


10-2 


MODELING  OF  PARTICLE  DYNAMICS  AND  HEAT  TRANSFER  IN 
TURBULENT  FLOWS  USING  EQUATIONS  FOR  FIRST  AND 
SECOND  MOMENTS  OF  VELOCITY  AND  TEMPERATURE 

fluctuations 

L  I  ZaichiM  *  I  and  A  A  Vinbera  •* 

*)  Krzhizhanovsky  Power  Enoineerino  Institute 
Leninskv  Prospekt  ly  Moscow  V-71  USSR 


ABSTRACT 

The  paper  is  aimed  at  the  derivation 
of  a  closed  system  of  equations  for 
dynamics  and  heat  transfer  in  turbulent 
flows  The  equation  for  the  probability 
density  of  particle  velocity  and 
temperature  in  a  turbulent  flow  a  set  of 
eauationa  for  velocity  and  temoerature 
moments,  the  closure  technique  for  the 
system  of  eouations  for  the  moments  ot 
velocity  and  temperature  fluctuations  as 
well  as  applications  of  the  derived 
equations  for  transfer  of  momentum  and  heat 
transfer  in  the  near-wall  reoion  and  in  a 
tree  ^et  are  presented 


INTRODUCTION 

Presently  for  modeling  of  two-pha^e 
(dispersed)  turbulent  flows  use  is  mostly 
made  of  the  method  based  on  the  combined 
Eulerian-lagrangian  approach  equations  of 
motion  and  energy  for  the  continuous 
carrier  phase  are  presented  and  solved  in 
terms  of  Eulerian  variables  while  the 
equations  of  motion  and  energy  of  the 
dispersed  phase  are  written  and  solved 
using  Lagrangian  variables.  i  e  by 
integration  along  the  individual  particle 
(droplet)  trajectories  Accounting  for  the 
stochastic  particle  motion  in  this  case 
Siam  f  leant  1''*  increases  calculations 
because  the  statistically  valid  information 
requires  sufficiently  represe'^tative  number 
of  realizations  With  decreasing  particle 
size  the  number  of  realizations  to  obtain 
statistically  valid  averaged 
characteristics  must  increase  due  to  larger 
contribution  of  particle  interaction  with 
smaller  eddies  Therefore  application  of 
the  Lagrangian  technique  for  modeling  of 
the  dispersed  phase  dynamics  is  probably 
reasonable  with  regard  to  the  inertial 
particles  only  The  Eulerian  approach  to 
the  cescription  of  the  disperse  phase  is 
based  on  the  continuum  presentation  of  the 
particle  ensemMe  and.  hence,  allows  the 
use  of  numerical  algorithms  close  in  their 
forms  both  for  the  disperse  and  the  carrier 
phases  The  approach  provides  adequate 
description  of  particle  inertia  movement 
induced  effects,  it  would  be  a  rational 
alternative  to  the  Lagrangian  technique 


NOMENCLATURE 
*  -  time 

Kp  Vp  “  particle  r’:’'dinate  velocity 

and  temperature 
-  external  force 
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■r  r 
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-  density  of  internal  heat 
sources  in  a  particle 

-  particle  dynamic  and  thermal 
relaxation  times 

-  time  of  particle  interaction 
with  gas  high  energy 
pulsations 

-  Lagrangian  time  macroscale 
of  turbulence. 

-  Havisaid  function 

-  distance  from  wall 

-  viscous  sublayer  thickness 

-  turbulent  viscosity  of  gas 

-  turbulence  PrandtJe  and 
Schmidt  numbers  for  single 
phase  flow. 

“  constants  in  K-E  model. 

-  longitudinal  and  radial 
coordinates . 

“  particle  diameter. 

-  nozzle  diameter 

-  particles  loading  ratio. 

-  nozzle  gas  velocity 

-  nozzle  gas  velocity  in 
single  phase  flow. 

-  gas  temperature  in  nozzle 
and  environment 


PROBABILITY  DENSITY  EQUATION 

The  flow  and  heat  transfer  of  solids 
in  a  turbulent  gas  flow  is  considered 
assuming  maximum  possible  solids  volumetric 
concentration  where  particle-particle 
interactions  may  be  neglected  Velocity 
and  temperature  fluctuations  of  particles 
are  caused  bv  their  entrainment  into  the 
turbulent  flow  of  the  carrier  ohase  i  o 
by  the  interaction  with  random  fields  or 
gas  velocity  and  temperature  due  to  viscous 
friction  and  thermal  conductivity 

The  motion  and  heat  transfer  of  a 
single  particle  are  described  as  follows 

1^.  A  (<I 

<2^ 

ZllA  +  Q(R^,  t). 


Then  kinetic  equation  for  the  particle 
ensemble  is  used  instead  of  Lagrangian 
equations  for  a  single  particle.  the 
probability  density  distribution  of 
particles  with  respect  to  coordinates, 
velocities  and  temperature  is  introduced 

p(x^  \/,ft)=‘(S(x-Rr(c)p(v-Y/bM^^^  &) 
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Averaaing  in  equation  (3t  le  made 
u8ino  real izations  ^ot  random  turbulent 
fields  of  velocity  it(JCT)  and  temoeracure 
of  the  ’carrier  phase 
Differentiating  Eq  (3)  with  respect  to  time 
and  accounting  Eqs  (1)  and  (2)  and 
representing  the  gas  velocity  and 
temperature  as  averaged  and  pulsating 
summands  HI;  f  s  t*  .we  obtain 


i.  /<uIp>\  d  /<t'p>) 
'dvj  Tu  ^ Tt  ^ 


For  the  closure  of  the  equation  for 
P  the  required  correlations 


<UkP>  -  <  u.'S(x-Rp)S(i^-Vp)S(d-dp)> 
<t'P>  ^  <it‘^(X-Rp)^(i/-Vp)S('&-^p)> 


are  derived  uaino  the  Furuteu-Novikov 
formula  /!/.  assuming  random  fields 
I/'  P  to  be  Gaussian 


SRfRfX,T)]_  J  X  -Jf 


where  ■  random  process  in  space  X  , 
RCZ2  -  random  process  dependent 
functional  S^K/XZ  -  functional 
derivative  Usino  Eq  (5|.  accounting 
Eq  fl)  and  (2)  and  ignorinq  the  spatial 
nonui.i  formity  of  fields  27.  t  we  arrive  at 


where  <LL[u'h>  <U^i'>  ■  -  Bingie-time 

moments  of  gas  velocity  and  temperature 
pulsations 


One  can  see  computation  of  the  degree 
of  particles  entrainment  by  turbulent 
pulsations  of  the  carrier  phase,  two-time 
correlation  functions  of  gas  velocity  and 
temperature  pulsations  along  the  particle 
path  are  required  Stepwise  approximation 
of  two-time  correlation  functions  / Ji/ 

gives 

'^u~§Ui~  Tp/'^u  tVp), 

/.■/.. 

Introducing  Eq  (6)  in  Eq  (4)  we  obtain 
the  closed  equation  for  the  probabilitv 
density  distribution  of  particles  whth 
respect  to  coordinates,  velocities  and 
temperature  in  a  nonuniform  turbulent  flow 


^  It  IS  worth  noting  that  in  the  case  of 
L>  -correlated  with  time  random  fields  U 
f  .  1  e  .  ignoring  the  finite  time  of  the 
turbulent  pulsation  decay,  first  two  terms 
in  the  right-hand  part  of  Eq  (7)  equals 
zero,  and  the  equation  becomes  that  of  the 
FoKker-Plank  type  For  the  case  of  a 
homogeneous  and  steady-state  turbulence, 
the  normal  distribution  is  the  solution  of 
the  Eq  (7) .  With  larger  particle  size 
where  particle  entrainment  decreases,  the 
probabilit-y  density  distribution  tondo  Lo 
become  a  beta  -  function 
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THE  EQUATIONS  FOR  MOMENTS 


ihe  orobabilitv  density  eauation  was 
used  to  derive  the  system  ot  eauations  for 
the  second  order  and  ^rlDle  correlations  of 
oarticle  velocity  and  temoerature 
fluctuations  Average  particle 
concentration  velocity  and  temperature  are 
defined 

Integratino  Eg  (7)  on  the  velocity  and 
temperature  we  obtain  equations  tor 
□article  r oncentrat ion  averaae  velocity 
and  temperature,  second  order  correlations 
of  Dorticle  velocity  and  temoerature 
f  luctu^iCions 


dt  dx^  ' 


a-K  ,r 

dr  dj, 

dt  ^ 


(&) 


(9) 


m 


order  correlations  of  velocity  and 
temoerature  fluctuations  include 

convection  diffusion.  generation  of 
pulsations  because  of  gradients  of  the 
averaged  small-size  oarticle  vc’ocitv  and 
temperature  generation  and  diss.tjation  due 
to  the  interaction  between  the  particles 
and  the  fluid  flow  turbulent  pulsation? 
In  the  cose  of  a  homogeneous  steady-state 
turbulence  the  algebraic  expression  for 
turbulent  stresses,  turbulent  heat  fluxes 
and  small-size  particle  and  fluid  flow 
temperature  fluctuations  was  drawn  from  the 
eauations  tor  second  moments 

For  the  inhomogeneous  turbulent  flow 
eauations  for  triple  correlations  are  used 
to  determine  diffusion  terms  in  the 
eauations  for  second  moments  To  describe 
the  momentum  and  heat  transfer  in  the 
disperse  phase  in  terms  of  second  moment 
eauation  the  terms  defining  time 
variations.  convective  transfer  and 
initiation  of  pulsations  due  to  averaged 
velocity  and  temperature  gradients  are 
ignored  in  the  third  moment  equation 
Assuming  normal  distribution  of 
fluctuations  which  allows  presentation  of 
4th  moments  as  a  sum  of  products  of  second 
moments.  the  relationship  for  triple 
correlations  for  parMcle  velocity  and 
temperature  fluctuations  were  derived 


iu  *  U 


<V;V> 


The  equations  (9).  (10)  for  the 

particle  average  velocity  and  temperature 
incorporate  terms  for  turbulent  stresses 
and  turbulent  particle  heat  flux  resulted 
from  the  particle  entrainment  into  the 
pulsating  iiuia.  transfer  oi  momentum  and 
heat  due  to  turbulent  diffusion  caused  bv 
the  nonuniform  particle  space  distribution 
The  equations  (11)  ~  (13)  for  the  second 


With  the  particle  relaxation  time 
tending  to  zero  the  above  relationships 
become  as  those  proposed  bv  Launder  BE  ot 
al  for  a  single  phase  fluid  /3.4/  Also 
these  relationships  are  capable  of  closing 
the  system  of  equations  for  transfer  of 
momentum  and  heat  for  small-size  particles 


NEAR-WALL  REGION  INCLUDING  VISCOUS  SUBLAYER 

Turbulent  transport  models  based  on 
differential  equations  for  second  moments 
for  the  dispersed  phase  velocity 
fluctuations  are  capable  of  accounting  for 
nonlocal  effects  due  to  particle  inertia 
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Therefore  such  models  can  be  to  advantage 
used  tor  particle  dynamics  calculations  in 
the  near-wall  region  where  large  gradients 
of  all  turbulent  characteristics  are 
observed  The  widely  applied  algebraic 
(local  equilibrium)  models  for  example 
/5  -  9/  for  prediction  of  the  near-wall 
region  turbulent  stresses  of  the  carrier 
phase  mav  give  large  errors 

Main  aualitative  effects  in 
apcroximatino  the  carrier  ohase  oulsations 
were  revealed  bv  using  a  simple  model 
incoroorating  a  viscous  sublayer  with  no 
pulsations,  and  a  turbulent 
constant  oulsations  i  e  * 

The  time  of  particle  interaction 
turbulent  oulsations  are  considered 

constant  7p^7l_^S/Ufr  equations  for 

oarticle  concentration  and  pulsation 
intensity  of  particle  velocitv  obtained 
from  equations  (8).  <91  (11).  (14i  were 

analytical Iv  solved  bv  joining 

decompositions  for  the  above  regions  The 


region  with 
with  aas 


boundary  conditions  for  velocity  pulsations 
were  -0  at  U—Oy  ^ 

Distributions  of  velocity  ’pulsation 


intensity  vs  the  particle  inertia 
parameter  ^  are  shoun  in  Fig.l 


the  near-wall  region 


The  small-size  particle  pulsation 
intensity  equals  to  zeio  in  the  viscous 
sublayer  while  the  intensity  of  the 
large-size  particles  in  the  viscous 
sublayer  and  on  the  wall  is  a  non-zero 
value  The  velocity  pulsations  of  the 
dense  ohase  can  be  described  bv  the 
nonlocal  model  onlv  and  is  explained  by  the 
diffusion-controlled  transfer  of  pulsations 
from  the  turbulent  region  to  the  viscous 
sub'ayer  due  to  particle  inertia 


TWO-PHASE  JET  FLOW  AND  HEAT  TRANSFER 

In  free  jet  flows  turbulent 
characteristics  are  substantially  closer  to 
isotropic  state  than  in  the  near-wall 
flows  Therefore,  turbulent  stresses  in  a 
let  flow  dispersed  phase  can  be  ralrnletert 
using  the  particle  turbulent  energy 
equation  only  To  simplify  calculations  of 
two-phase  jet  flows,  the  set  of  equations 
for  second  momsnts  of  particle  velocity 
fluctuations  (11)  is  reduced  to  a  gradient 


type  correlation  similar  to  Boussineso 
correlation  tor  single  phase  turbulent 
stresses 


where  turbulent  viscositv  coefficient  for 
the  dispersed  phase  is  governed  by  botn  the 
particle  relaxation  time  and  turbulent 
energy 


The^  ,  oarticle  turbulent  energy 

=  < ^  14  >/2  was  obtained  from  the 
differential  eauation  derived  from  (ID 
with  accounting  .(14)  The  carrier  phase 

characteristics  arc  described  by  the  K-E 
turbulence  model  modified  to  account  for 
the  particle  effect  on  turbulence  The 
equations  for  the  gas  turbulence  energy 
'  ul  ui>/2  arid  dissipation  &  are 


ir^k  d  / dk  )a  ^///i  S 


^(idk 


dll 


WSt  dxj  ft  ^  k 


(iS) 


First  terms  in  square  brackets  of 
Eos  (17)  and  (16)  are  defined  bv  the 
pulsating  interphase  slip,  while  second 
terms  -  by  the  averaged  slip  and  nonuniform 
particle  distribution.  The  degree  of 
particle  entrainment  into  the 
micropulsating  motion  of  the  carrier  phase 
18  defined  in  Eq  (16)  as 


where  turbulence  time  microscale,  with  the 
assumption  on  isotropic  small-scale 
pulsating  motion  is  described  bv 
Ti  The  time  of  oarticle 
interaction  with  high  energy  gas  pulsations 
IS  approximated  by  y 

Tp-[i-^(T:lV-Yl/L)], 

where  -  (2k/iy'^ru  spatial  turbulence 
macroscale  The  time  macroscale  of  gas 
velocity  pulsations  ir  determined  by 

The  proposed  set  of  equations  for 
two-phase  flows  comprises  no  extra 
empirical  constants  The  described  system 
of  equations  was  used  for  calculating  two- 
phase  round  jet  characteristics  for  a  wide 
range  of  particle  size  and  mass 
concentration  Fig.  2-4  show  results  of 
these  calculations.  Predictions  and 
exp^r /lO  11/  are  compared  showing 
good  agreement  Most  important  calculation 
findings  are*  increased  range  and 
decreased  thickness  of  a  twc-phase  jet  as 
compared  to  a  single  phase  jet; 
laminarization  effect  of  particles  on  the 
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0  /O  x/D  20 


Fiaure  2  Centre-line  longitudinal  mean 
velocity  of  gae  (1)  and  particles 
(II)  distributions  a.  <1^*170  urn. 
b  ^p*500  um  c  single-phase 
f  low 


0  D.DS  t./3C.  OLiO 


Figure  3  Radial  distributions  of  mean 
velocity  of  gas  (I)  and  particles 
(in  a  /77i>  -0  32.  b  -0  85 

c  single-phase  flow 


Figure  4  Gas  (I)  and  particles  (II) 
velocity  pulsations  intensity 

a  trto  -0  32.  b.  rrio  *0  05 

c.  single-Dhase  flow 


Figure  5  Radial  distributions  of  particles 
temperature,  -50  um  a.  ■3^//?  -5, 
h.OC/7)  -10:  c  X/V  -20 


fluid  flow  Good  agreement  between  the  The  turbulent  Prandtl  number  obtained 

predictions  and  the  experiments  for  the 
average  velocity  distributions  and  the 
intensity  of  pulsations  for  the  dense  phase 
proves  the  validity  of  the  proposed  model 
to  describe  particle  dynamics  in  turbulent  illustrates  the  effect  of  the  particle 

jets  thermal -physical  properties  (  particle 

The  two-phase  round  jet  heat  transfer  dynamic  and  thermal  relaxation  times)  on 

was  calculated  using  the  equation  for  the  transfer  of  momen>.um  and  heat 
turbulent  heast  flux  of  the  dispersed  phase  The  results  obtained  by  both 

(12)  accounting  (IS)  or  the  formula.  techniques  are  close  This  conclusion  is 

resulting  from  simplifying  the  equation  for  illustrated  in  Fig  5  showing  radial 

-Oq  J  jkn  distributions  of  the  particle  temperature 

^ in  diferent  jet  ,  sections  (  I  -  using 
OSi,  Pzp  aXt  aquation  for  <hy>  .II  -using  Eq  (19)) 


the . turbulent  heat  flux 
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Therefore  oarticle  turbulent  Prandtl 
number  mov  be  recommended  for  two-phase  jet 
flow  heat  traster  calculations 

Thus  the  proposed  model  can 
adequately  be  applied  to  predict  transfer 
of  momentum  and  heat  in  the  near-wall 
region  and  two-phase  free  jet  flows 
requiring  no  extra  empirical  constants 
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ABSTRACT 

Thf  dispersion  of  particles,  tracked  by  a  LaGrangtan 
method  within  a  continuous  carrier  rnodelled  by  an  Euteanan 
scheme,  is  effected  by  imposing  on  the  particle  turbulent 
velocity  perturbations  cf  the  carrier  fluid  Wuhtn  a 
Reynolds^averaged  framework,  these  perturbations  must  be 
extracted,  by  some  sampling  method,  from  stattstical 
information  provided  by  the  turbulence  closure.  This  paper 
presents  a  sampling  scheme  which  accounts  (*)  for  the 
correidtion  in  time  between  successive  perturbations,  and  (ii> 
for  the  directional  corrdation  in  space  reflected  by  anisotropy 
of  the  normal  Reynolds  stresses  and  the  finite  values  of  the 
shear  stresses  The  scheme  is  intended  to  be  used  in 
conjunction  with  Reynolds-stress  closure  in  modelling  two^  and 
three-dimensional  flows  The  properties  of  the  corr^ated 
sampling  rnethod  are  first  illustrated  by  tests  which  aim  to 
reconstitute  the  joint  PDFs  pertaining  to  anisotropic  states 
identified  by  prescribed  sets  of  Reyndds-stress  components 
The  scheme  is  then  applied  to  particle  dispersion  in  a  free 
shear  layer 


INTRODUCTION 

Within  a  statistically  steady  Eulerian  framework,  the 
motion  of^the  caiTier  is  described  in  tergs  of  its  time-averaged 
velocity,,  Vf  The  instantaneous  velocity,  Vf,  is  thus  given  by 

Vf  -  Vf  +  Vf  .(o; 

ir  Vf  were  known,  modelling  particle  dispersion  would  not 
be  an  issue,  for  dispersion  would  arise  naturally  as  a 
consequence  of  the  randomly  time-dependent  nature  of  Vf  But 
the  fluctuation  is  not  knor/n  or  simply  determinable  Rather, 
the  correlations  UjUj  (the  Reynolds  stresses)  are  usually  given  as 
the  outcome  of  a  turbulence  model  The  central  task  is  thus 
to  construct  a  model  which  is  able  to  provide  a  description  for 
Vf  wnich,  while  obviously  not  conforming  to  the  real  variation, 
gives  the  same  dispersion  effect,  viewed  in  statistical  terms. 

The  traditional  approach  to  modelling  dispersion  is  to 
extract  an  isotropic  tu.0ulent  velocity  fluctuation  Uf  from  the 
predicted  carrier  turbulence  energy  and  a  Gaussian  PDF  having 
a  standard  deviation  of  (2/3k)^'’.  without  taking  temporal 
correlation  or  directional  anisotropy  into  account  This 
approach  was  first  proposed  by  Yuu  et  al  (1978)  Irrespective 
of  the  computational  time  step  adopted  for  advancing  the 
solution,  Vf  IS  extracted,  by  random  sampling,  from  the  same 
PDF  The  question  of  the  period  over  which  uf  acts  on  a 
particle  IS  addressed  via  two  time  scales'  the  eddy-life  time, 

and  the  eddy-transit  time  The  .nteraction  period  is 
evaluated  from 


where  r  is  the  “particle  relaxation  time" 

-'’•.pi 

The  above  expression  for  is  obtained  by  solving  a  simplified 
and  linearised  form  of  the  parf.cle-motion  equation  with  Vf 
held  invariant  Sampling  for  a  new  fluctuation  uf  is  performed 
after  the  interval  Shuen  et  al  (1983)  suggest  the 

modification 

tfi  -  e./(2/3k)o  5  (6) 

while  K4)1'0  &  Stock  (1986)  proposed  that  (6)  be  multiplied  b 
a  flow-dynamlcs-related  constant  which  experimental  studies 
suggest  to  he  in  the  range  0  IS  to  2 

AJi  the  above  methodologies  share  the  same  three 
important  weaknesses 

(i)  No  account  is  taken  of  the  fact  that  turbulent  fluctuations 
are  correlated  in  time,  le  u(  t  )u(  t -•’fit )  does  not  vanish 
unless  H  IS  large 

(ii)  There  is  no  clear-cut  rationale  for  prescribing  the 
magnitude  of  the  aforementioned  time  scales 

(m)  No  account  is  taken  of  anisotropy  and  the  fact  that 
cross-correlations  of  velocity  fluctuations  are  non-zero 

The  third  item  above  might  be  acceptable  when  an 
eddy-viscosily  approach  is  used  for  characterising  tamer 
turbulence  However,  when  a  Reynolds-stress  model  is 
employed,  the  traditional  approach  does  not  exploit  effectively 
the  information  arising  from  the  Eulerian  framework 

Recognising  the  above  limitations,  Berlemont  et  al  (1990) 
have  recemly  propo>^*d  a  model  which  accounts  for  temporal 
correlation  and  anisotropy  via  a  combination  of  LaGranglan  and 
Eulerian  correlation  functions  Our  work,  proceeding 
independently  in  parallel  to  that  above,  has  given  rise  to  a 
modelling  framework  which,  whilst  sharing  the  same  philosophy, 
adopts  a  different,  arguably  simpler  route  to  representing 
dispersion  without  dependence  on  the  details  of  the  statistical 
sampling  process  and  on  time-^ale  assumptions  This  paper 
exposes  the  modelling  framework  in  detail  an^  verines  its 
validity. 

TEMPORALLY  AND  DIRECTIONALLY  CORRELATED 
SAMPLING 


Attention  is  focused  m  Fig  1  on  a  single  discrete  particle 
at  time  t-fit,  located  at  rp  relative  to  an  origin  'O' 


tg  “  min  (Ig.tt)  (2)' 

Several  proposals  have  been  made  for  determining  the  above 
time  scales  Oosman  and  loannides  (1981)  evaluate  from 

tf  -  J./lvfl  -  C,,  k’-'V  <  (3), 

t,  -  -r  In  (1  -  I)  Ml  '  M<«lon  of  panicle  and  carrier-fluid 

picket  in  Cimb  interval  fit 
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At  time  t,  a  fluid  (i  e  earner)  j)article  onglnattng  at 
^f,t-5t~^p  t-jt*  moved  to  rf  ^  while  the  diKrele 

particle  ^11,  in  gemral.  be  located  at  The  task  is  to 

determine  the  carrier  fluctuation  at  The  velocity 

fluctuation  of  the  earner  phase  at  time  t  at'  location  Tf  |  may 
be  related  to  the  velocity  fluctuation  at  t-5i  by 


where  {0}  accounts  for  effects  arising  from  previous  time  leveb, 
while  ^  represents  effects  arising  from  randomness  dunng  the 
time  interval  fit  Similarly,  the  earner  velocity  fluctuation  at 
location  rj,  {  can  be  related  to  the  fluctuation  at  location  rf| 
by 

"  (7)  ^(rj.  +  *t  (8) 

Unless  the  discrete  particle  is  large  and  dense,  and  the  time 
step  fit  IS  long,  It  may  be  assumed  that  the  departure  of  rL  ^ 
from  ff  {  IS  sufficiently  modest  for  the  statistical  state  of  tne 
fluid  at*  both  positions  to  be  close  In  this  case,  the  velocity 
fluctuation  at  the  particle’s  position  at  time  level  t  is  simply 
represented  by  equation  (7).  This  restriction,  whilst  not 
essential,  simplifies  the  modelling  considerations  to  follow  and 
may  be  readily  relaxed  at  a  later  stage,  if  desired,  via  the  use 
of  an  Eulerian  correlation  function  in  conjunction  with  relation 
(8)  The  usk  is  thus  reduced  to  determining  the  matrix  {()) 
and  the  vector  An  analogous  path  leads  to  similar 

expressions  for  {y}  and  ^  The  primary  objective  pursued 
below  IS  to  'setrieve'  v,  by  some  sampling  process,  in  such  a 
way  that  a  sufficiently  large  set  of  sampling  events  satisfies  the 
sutmical  constraints  imposed  by  the  available  time'^veraged 
correlations  of  the  velocity  fluctuations 


0  IS  seen  to  be  simply  R(6t)  Since 

^  -0  (H) 

it  foi lows  that 

^  j,  (15) 

If  the  PDFs  describing  u,  and  u,.j,  arc  assumed  Gaussian 
in  shape,  lhai  governing  e,  is  also  Gaussian,  and  P(d,)  follows 
from 


P(d,)-  /■  --'a- '  I  exp 

v'2,  (u,  -  R({Ou,.j,),= 


-  (u,  -  R(ft)u?.a,) 
Jcilj  -  R(8t)i;^t) 


Hence,  with  R(fit)  and  turbulence  intensities  at  t  and  t-fit 
given.  ^2)  and  (16)  allow  to  be  determined  for  any  chosen 
stepfit  and  a  previously  sampled  value  u^.^j 

Temporal  and  directional  correlation 

Attention  is  now  directed  towards  anisotropic  turbulence 
Assume  that  at  any  time  level,  t,  tne  velocity  fluctuations  are 
to  be  sampled  from  a  directionally  correlated  PDF  ?(vtivj«gt) 
which  IS  conditional  on  the  %elocity  fluctuation  sampled  at 
level  t-fit  The  nature  of  the  PDFs  will  be  considered  later 
The  statistical  correlation  between  and  w  is  assumed  to 

be  described  by  the  (as  yet  unknown)  correlation  functions 
R,j(fit) 


R.V  -  Rv 

^  t-Jt 


“t 


As  a  precursor  to  the  full  model,  it  is  instructive  to 
restrict  attention  to  isotropic  turbulence  The  present  approach 
IS  based  on  the  proposition  that  temporal  correlation  between 
velocity  fluctuations  at  two  successive  time  steps  at  which 
sampling  is  performed  be  accounted  for  via  the  ume-<orrelanon 
eoefftcitnt  R(fit)  defined  as 


According  to  Hinze  (1975),  a  reasonable  approximation  for 
R(fit)  IS 

R(«t)-exp{-fit/T)  (10), 

If  k  and  (  are  the  only  turbulence  parameten  available  from 
the  Eulerian  framework,  the  time  scale  T  may  be  assumed 
given  by 

T  -  r(C^0  '5k'  5/()/(2/^k)»  5  ..  (11)' 

where  f  may  be  determined  o<i  the  basis  of  analytical  and 
experimental  considerations 

Given  fit,  k,  and  a  sampled  fluctuauon  u^.^f  (the  subsenpt 
'f*  is  omitted  heiiceforth  for  brevity),  the  objective  is  to 
construct  a  PDF  whose  variance  is  not  simply  (2/3k)^'5  but 
whkh  reflects  correlation  (9)  There  are  two  quite  different 
routes  to  achieving  this  objective,  both  lead  to  identical  end 
points  and  are  detailed  in  Zhou  &  Leschziner  (1991)  Here, 
the  gut  of  one  route  is  outlined 


from  which  (fit)  has  been  omitted,  for  brevity,  and  which  may 
be  expressed  compactly  as 


f  Rxx  *^xy  ^xz 
IR)“  I  Ryx  Ryv  Ryz 


fsyx  »Vyy 

^zx  ^zi’ 


With  tne  subscript  ’t'  denoting  henceforth,  the 

olent  fluctuation  V|=(U{,V{.Wj)T  can  be  expressed  by 


«t  -  (Pxx  ''t-fit  +  ^xy  vt-fit  +  ^xz  *t-6t)  'Itx 

Vt  -  Oyx  Ut.Jt  +  0yy  +  gy^  ^  d(y 

*  (^zx  “t-fit  ^zy  ^zz  *t-6t),  ‘^tz 

or  compactly  as 

vfiPi  v,.j,  +  a,  (19) 

Multiplication  of  eq  (19)  by  followed  by  time-averaging 

-  denoted  by  the  operator  'E'  -  gives. 


For  isotropic  turbulence,  equation  (7)  for  ut.  may  be 
wr>.(en 

ut  “  +  ^*1  n2V 

where  0  and  are  here  Kalar  quantities  which  are  to  be 
determined  From 


u,u,_j,  -  (S  u,.5,  u,_jt  +  't  “t-Jt  -  3 


where  the  left-hand  side  is 


i^t-st+3,): 

Vt-fit] 

:  is 

UtWl-fit 

1 

'■(''t-jt 

■  "tUf-it 

"'tvt-fit 
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^yx Ryy ^^7 -it  R yz •'^t ^ t 


J^zx  t  -7 1  ^zy^^7*^  ^r-/t 


■zz-^  t-^  t-6t^ 


(2ir)"/2  tCOViS 


exp{-  ic3t)'*'  icovjg’  3t| 


while  the  right-hand  side  becomes 

E[<l01vt-5t+3t)  vl.jt  -  (^'E(vt_jt  v[_^t) 

-  E(3t 

-  lP,{cov)^j_^^  +0 


In  the  above,  n  identifies  the  dimensionality  of  the  problem, 
1  e  the  number  ot  elements  correlated  via  {cov}  The  question 
IS  now  how  to  effect  by  computational  means  a  sampling 
methodology  which  reflects  the  correlation  implicit  in  equation 
(30) 

If  Z  IS  a  set  of  random  components  with  independent 
standard  normal  distribution  N(0,I),  then  the  correlated 
components  of  the  vector  3^  may  be  determined,  in  principle, 


In  the  above,  (oov)  is  the  covariant  matrix  of  Vt-5t> 


u'  uv  uw 

(cov)  ■  E(v  -  E  vu  V*  vw 


3,  -  (B1  t  (3I)‘ 

Where  {B}=b,j  is  the  matrix  e^ressing  the  degree  of 
correlation  between  components  of  d^.  Post-multiplication  of 
equation  (31)  by  gives 


which  IS  thus  fully  determined  within  a  Eulearean  solution 
scheme  for  the  earner  phase  employing  a  Reynolds-stress 
turbulence  model  The  r  h  s  zero  m  equation  (22)  anses 
because  d^  is  clearly  not  correlated  to  the  fluctuations  at  t-it 
Hence,  equation  (22)  may  be  written 

(Cl  -  101 


(0)  -  (Cl  (coviJj  jj  (24); 

Reference  to  equation  (21)  shows  (C)  to  depend  on  Reynoiis 
stresses  and  correlation  functions  only  Hen^*  if  the  latter  are 
known,  all  elements  of  0}  may  be  determin 

Attention  is  next  directed  towards  d^  ims  is  obtained  by 
manipulating  equation  (19),  rearranged  to  give 

3,  .  V,  -  (01  v,.j,  ,  (25), 

Multiplication  of  (25)  by  its  transpose  and  time-averaging  gives 

E(3j  *  ^ty*^tx  ^ly*  ^ty^tz  ™  (cov)^ 


-  E[(v,  (01  v,.j,)(v|  -  (01^)1 

-  E[(v,  vj)l  -  (01  E((v,.j,  vj)l 

-  v]'.4,)(0|^+  (01E(v,  vj.j,)(0l^ 


Use  of  the  definition  for  (C)  given  in  equation  (21)  allows  (26) 
to  be  written. 

|cov)h  -  (cov);»  -  ld)(C)^-  {CH^}^+  0){cov;-*  O)^ 


e(3,  3,T)  .  e[(B)2  (ibi2)T  ]-|bi  e(?  JT)  (biT-ibi(bit 

.  (32) 


(covlj^  -  (BKBlf  ,(33) 

which  obviously  contains  products  of  elements  b,.  only  The 
vanables  Z,,  Z,  and  Z,  may  be  taken  to  represent 
uncorrelated  velocity  perturbations  (of  incorrect  magnitude, 
however)  in  the  linearly  independent  co-ordinate  framework 
(1,2,3)  Because  of  the  spherical  symmetry  of  constant  P(Z) 
surfaces,  there  ^is  a  degree  ambiniity  in  relation  to  the 
orientation  of  Z  relative  to  (and  ^  This  ambiguity  offers 
some  flexibility  lo  'aligning'  the  2  and  3|/v  co-ordinate 
system-  Here,jve  have  chosen  to  align  d{ ,  (one  of  the  three 
components  of  d^)  with  the  Z,  direction,  in  this  manner.  (B) 
can  be  made  to  become  lower  triangular  (ie  b,,  »  b,3  s  bj, 
=0)  An  elcment-by-clemeni  comparison  of  the  left-  and 
right-hand  sides  of  the  above  equation  then  leads  to: 

^  '■  -  d,xd,y 

-  d,xd,j  V  b|,  +  b’,  -  d’y 
+  bjjb,,  -  dt^dty 

b  ’  +  b  ’  +  b  ’  -  dTI 


From  which  the  coefficients  follow  as 


b.,  -  (317).  .  b,,-0,  b,,-0 

L  (dfvd.v)  L  - .  L  . 


b„  -  b„=  )* 


b„  -  0 


(dtydtz  -  b,,b,|) 


From  equation  (23)  it  i,  apparent  that  the  (ast  two  terms  in 
eq  (26)  cancel  each  other  so  that: 

(cov);,  -  (cov)j  -  (0)(c/  (28) 

“t  v, 

The  next  task  is  to  relate  the  elements  of  the  vector  to 

{cov}£  To  thu  end,  an  assumption  is  required  about  the 

raSture  of  the  PDF  guvcrning  tnc  vectorui  fluctuation  v  and 
hence  also  Here,  all  components  are  assumed  to  be 

governed  by  Gauuian  distributions  Thu  permits  v  and  ^  to 
be  described  by  the  /oinf  normal  diSlribtiUonx'. 

l«v)g’v  }  (29) 


b„  -  (d,^’-  b,,>-  b,,0’  J 

Hence  the  elements  of  become 

**tX  *■  ^11  ^i 

djy  -  b,,  2,  +  b,,  Zj  r36V 

•^tz  "  ^31  +  ^32  ^2  ^  ^33 

In  what  follows,  tests  are  presented  in  two-dimensional 
space  only  In  this  case  the  components  of  {0},  after 
expanding  equation  (24),  take  the  following  forms 
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1 


-  ''^x  It  “t-ai't-it) 


ICOV15  ■'xy 
t-st 


®>'5'*l7i7r5  (Ryyy^y^t^t 


-  “t-Jt^t-St) 


(37) 


Moreover,  equation  (27)  gives 

37x^  -  ^  -  KexxU^t-at  '•  ^xy'‘t-Jt''t-St)Sxx 

7  (@xx“t-8tyt-it  7  ^xy''^-8t)<3xyl 
^Tx^ty  -  “7^  -  l((5xx“'t-it  7  PxyU,.j,''t-{t)^yx 
7  (flxx“t-St''t-Jt  7  ffxy''’t-st)®yyl 

57^  -  777  -l((Jyx“’t-Jt  7  SyyU,.a,V,.4,)eyX 

7  (fiyx“t-8t''t-Jt  7  0yyV‘t.it)0yy] 


(38) 


These  expres»ions  are  then  used  in  equations  (35)  and  (36) 

There  remains  the  important  question  of  how  to  obtain  the 
correlation  functions  Rg  While  some  experimental  data  has 
been  reported  for  these^  functions,  the  data  are  judged  to  be 
insufficiently  general  and  conclusive  to  be  used  in  the  present 
context  We  have  therefore  followed  Berlemont  t\  al's 

suggestion  (1990)  and  adopted  the  following  forms 


(no  summation  on  1  or  j  in  denominator^  with  T,.  being 
equivalent  to  expression  (10). 


T|J  -  f(C°  ”  k’  Vo/  (  ),"  ’  (40): 

(no  summation  on  1  or  j)  The  value  of  t  was  taken  as  0  8  on 
the  basis  of  an  optimisation  carried  out  by  the  authors  for 
isotropic  turbulence  (Zhou  dt  Leschzincr  (1991)) 


VALIDATION 

Bjsic_characicristics  of  sampling,  scheme 

The  validity  of  the  present  sampling  methodology  may  be 
verified  by  contrasting  the  PDF  fieidi  obtained  from  the  joint 
normal  distribution  (30),  m  conjunction  with  relation  (19),  with 
the  corresponding  fields  reconstituted  by  repeated  umpling  via 
the  route  (31)  to  (36)  To  this  end,  a  set  of  Reynolds  stresses 
u,Uj  needs  to  be  chosen  together  «ith  a  dissipation  rate  <  and 
a  time  interval  H  It  should  be  evident  that,  in  practice,  these 
would  be  available  within  an  Eulenan  Reynolds-^veragcd 
treatment  of  the  earner  phase  Hence,  the  correlation  functions 
R,j  may  be  evaluated  from  (39),  and  from  these  follow  the 

elements  of  {fi)  via  (37)  This  then  permits  the  correlations  of 
dix  and  d|y  to  be  determined  from  (38),  from  which  the 

COvarLancd  ut  fuilwwa. 

For  two-dimensional  conditions,  the  PDF  (30)  may  be 
expanded  to  read' 


p(<itx.‘<ty)' - ,  — z=rr  ■  i 

(2,),  (  dtx^-dTp  -  d,xd,y  )’ 

expf-  ‘‘ty’  ■‘tx‘*(y  ‘‘(X.jtyt..  ^‘‘tylll  (41) 

I  2(d77  <ity=  -  d,xdtj  )  J 

For  any  pair  (dtx.d^y),  the  abov^  thus  yields  P(d{x.d{y\  Given 
any  particular  choice  of  pairs  relations  (19)  allows  the 

corresponding  pair  V{  and  the  associated  value  P(u,v)  to  be 
determined,  since  the  elements  of  {fi}  are  known 

To  test  the  conditional  sampling  process  documented  in 

Section  2,  a  large  number  of  pairs  [Z^.Z,]  (typical!),  8000) 
<ivere  independently  sampled  from  standard  normal  PDFs,  from 
which  the  correlated  fluctuatjons  ji  an^  v  were  obtained,  subject 
to  the  prescribed  triples  (u*.  v*.  uv)  and  values  for 
V|_jl  and  $t  used  above  The  number  of  'events'  in  which  a 
pair  (u,v)  fell  within  any  prescribed  range  (tlu.dv)  was 

determined,  and  this  was  held  to  represent  the  probability  of 
that  event  occurring- 

It  K  instructive  to  consider  fust  the  case  in  which  the 
time  step  5t  is  large,  in  which  case  temporal  correlation  is 
negligibly  weak  Here,  61  was  chosen  such  that  the  ratio 
At/Tj.  varied  between  4__and  5,  Figs  2-4  shows  contours  of 

P(u,v)  for  three  triples  u’,v2.  and  uv  In  all  three,  the  normal 
stresses  are  identical  The  first  case  is  uncorrelated,  reflected  by 
uv=0,  while  in  the  second  and  third  cases  correlation  is 

imposed  via  a  positive  or  negative  uv  value  Each  figure 
contrasu  the  'expected'  PDF  (obuined  via  (41))  with  that 
reconstituted  from  the  sampling  methodology  As  is  evident, 
there  is  close  agreement  between  the  pairs  Typically,  the 

stress  triple  computed  from  the  sampled  set  differs  from  that 
originally  prescribed  by  about  1%.  The  slight  tendency  for  the 
centres  of  the  sampled  PDFs  to  wander  into  the  third  (-u,-v) 
quadrant  is  due  to  a  programming  detail  relating  to  the 
allocation  of  sampling  events  to  squares  (du,^v),  coupled  wiih 
the  relative  coarseness  of  the  (i3u,^v)  gnd;  this  it  thus  a 
cosmetic  flaw  which  is  easily  cured 

The  performance  of  the  scheme  in  the  presence  of  time 
and  directional  correlation  is  illustrated  m  Figs  5  and  6  Here, 
At  IS  small,  typically  1/2  of  T,.,  and  the  cho'ce  made  for 

(Wt-At^'^t-Al)  Of  2).  Again,  the  figures 

contrast  the  'expected*  behaviour  with  that  arrived  at  via  the 

sampling  route  Two  features  deserve  to  be  highlighted  here. 
First,  although  the  stress  triples  are  identical  to  those  adopted 
for  Fig  3,  the  PDF  is  considerably  narrower  This  is  entirely 
in  accord  with  expectations,  for  temporal  correlation  implies 
that  the  degree  of  randomness  associated  with  the  link 

(«t-At’''t-At)  * - *  (Utk^t)  diminishes  with  decreasing  At 

Second,  the  contours  are  seen  to  be  biased  towards  the 
sampling  origin  at  t-At  Here  again,  this  is  expected  As  At 
increases,  tests  show  that  the  centre  of  the  contours  shifts 
towards  the  ongin  (0,0)  Overall,  the  agreement  between  the 

expected  and  sampled  behaviour  may  be  said  to  be  satisfactory 
and  to  confirm  the  validy  of  the  approach 


We  report  initial  results  obtained  from  the  application  of 
the  present  model  to  the  dispersion  of  fine  water  droplets  in  a 
free  shear  layer,  examined  experimentally  by  Lazato  A,  Lasheras 
(1989)  The  two^imensional  experiment  involves  the  mixing 
of  a  spray  with  a  stagnant  a.r  region  At  the  start  of  the 
mixing  .'egion,  information  is  available  on  mean  velocity, 
turbulence  intensity,  mean-particle  concentration  and  mean 
droplet  dimeter 

Modelling  of  the  above  flow  proceeded  in  two  parts  the 
flow  field  was  First  computed  with  a  boundary-layer  algorithm 
incorporati  ^  the  secono-moment  closure  of  Gibson  and 
Launder  (1976)  and  applied  over  a  rlow-adaptive  61x400  grid 
The  aerodynamic  Field  was  then  interpolated  to  a  31x61 
C«tk»l«n  giiu  lit  wliivti  U4ciking  wus  peifuiiiied.  The 

panicle  stream  at  the  initial  plane  was  represented  by  144 
groups,  each  relating  to  a  different  lateral  position  in  the  spray 
stream  and  each  contauiing  particles  of  a  mean  diameter 
(varying  between  10  and  30  ftm)  commensurate  with 
rreasurements  A  total  of  6000  time  steps  were  performed, 
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and  144  particle  groups  were  discharged  at  intervals  of  100 
time  steps  Hence  the  total  number  of  groups  discharged  was 
86400  However,  at  any  one  time,  the  maximum  number  of 
groups  tracked  and  processed  was  2880  If  more  than  2880 
groups  resided  in  the  solution  domain,  only  the  latest  2880 
groups  were  tracked  The  sampling  time  step  H  was  ukcn  as 
4  10'^  seconds  This  value  was  chosen  such  that  the  fastest 
particles  travr''sd  no  further  than  one  tenth  of  the  grid  sire 
within  the  time  step 

At  the  time  of  writing,  computations  are  being  performed 
for  different  sampling  intervals,  it,  to  investigate  the  extent  to 
which  particle  dispersion  is  sensitive  to  this  interval  In  an 
earlier  investigation  [Zhou  &  Leschzmcr  (1991)),  the  dispersion 
m  isotropic  turbulence  was  demonstrated  to  be  virtually 
insensitive  to  it.  Results  are  given  here  for  it^  onW 
An  indication  that  the  aerodynamic  state  has  been  captured 
correctly  is  provided  in  Fig  8  which  demonstrates  that  the 
computed  velocity  thickness  (y^  j^y^  ,)  is  in  close  accord  with 
the  measurements  Predicted  variations  of  the  Reynolds  stresses 
indicate  maximum  levels  of  the  ratio  to  be  of  the 

order  1  7  Computed  particle-concentration  profiles  are  shown 
in  Fig  7,  while  Fig  8  compares  predicted  and  experimental 
spreading  rates  of  concentration,  expreued  in  terms  of 

(Yq  ,'yg  ,)  As  seen,  the  computed  spreading  rate  is  a  little 
(00  low  but  quite  respectable.  Calculations  performed  with  other 
models  not  accounting  for  time*-correlation  or  directional 

sensitivity  show,  for  the  same  value  of  it.  spreading  rates  of 

only  20%  of  the  experimental  value 

CONCLUSIONS 

The  paper  has  provided  a  modelling  framework  for 

sampling  turbulent  velocity  fluctuations  from  statistical 

correlations  of  such  fluctuations  Key  features  of  the  method 
are:  (i)  its  ability  to  account  for  correlation  in  time  arising 
from  shortness  of  umpling  interval,  and  (ii)  its  ability  to 
account  for  anisotropy  and  correlation  between  velocity 

fluctuauons  A  senes  of  tests  have  been  presented,  constituting 
a  preliminary  validation  By  reconstruction  of  the  PDF  fields, 
via  the  conditional  sampling  sequence,  it  has  been  demonstrated 


that  the  method  yields  velocity  fluctuations  which,  m  a 
statistical  sense,  satisfy  the  constraints  imposed  upon  it  by  the 
given  set  of  correlations  of  the  fluctuations  The  method  is 
being  applied  to  particle  dispersion  in  an  anisotropic  shear 
'ayer  Initial  results  given  herein  are  encouraging  and  justify  the 
tentaitve  conclusion  that  the  method  gives  a  statistically  realistic 
representation  of  particle  dispersion 
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ABSTRACT 


On  the  basis  of  modern  theory  of 
stochastic  processes  the  closed  equation 
for  probability  function  '(PDF)  velocity 
and  coordinates  of  particles  in 
inhomogeneous  turbulent  flow  has  been 
derived  The  gaseous  phase  turbulent 
pulsations  are  approximated  by  the 
random  Markov  process  with  fixed 
correlation  function  The  system  for  the 
averaged  velocity  and  pulsation  motion 
or  dispersed  phase  are  presented  The 
boundary  conditions  for  the  equation 
accounting  particle-wal I  interaction  are 
given  The  equations  have  been  solved 
and  tne  deposition  rate. intensity  ot 
normal  velocity  of  part ic les . part ic le 
concentration  prof i 1 es . averaged  velocity 
of  dispersed  phase  have  been  obtained 
Predictions  are  in  a  good  agreement  with 
measurements 

INTRODUCTION 

Three  general  approaches  allow  to 
model  two-phase  turbulent  flow  gas 
with  particles  One  is  the  Lagrangian 
approach  usually  K lown  as  a  'trajectory 
moael'  where  the  turbulent  motion  of 
individual  particles  which  of  traced  by 
solving  their  equation  of  motion  The 
trajectories  of  many  particles(usually 
thousands)  are  realised  in  order  to  form 
the  averaged  characteristics  of 
dispersed  phase  The  fluid  velocity 
pulsations  are  modelled  as  Gaussian 
ncse  with  given  auto  correlation 
function  (KallioS  Reeks  1939.  Govan. 
Hewitt  &  Ngan  1989. Kyle  tEaton  1990, 
Scuen,  Chon  &  Faethl983) 

Lagrangian-type  trajectory  models  give  a 
derailed  and  realistic  benavior  of 

particles  in  pulsation  motion  of  fluid 
Bur  stochastic  model  is  computational. 
e,^penslve  and  difficult  to  specifying 
boundary  .a/er  turbulence  .especially  in 
the  shear  flows  Tnr  second. 

Eil«rian  upprcach,  often 

cailyo  a  two-fiuid’  model,  wnere  the 

particles  are  treated  as  a  continuous 
phase  p-ie  motion  of  the  particuiate 
pnase  is  mathemat ica 1 i /  described  by 
equations  of  mass  momon.  .m  and  energy 
concervat>on  The  diffi'.ult  task  in 
EuU:iian  metnod  is  descj  if.tions  of 

closed  equations  tor  first  and  second 
moments  of  velocity  pulsation  of 

EQUATION  FOR  PROBABILITY  DENSITY  FUNCTION 


particles  The  relations  between 

intensity  of  particles  motion  usually 
are  derived  ii.‘  1  oca  1 -equi  1  ibrium 
approach.  when  a  pulsation 

characteristics  of  particulate  phase  in 
a  given  point  are  connected  with 
characteristics  of  fluid  flow  in  the 
same  point(Rizk  &  Elghobashi.  1985. 

Shraiber.  Gavin.  Naumov  &  Yatcenko 
1987.  Derevich.  Yeroshenko  & 

Zaichik.  1989)  The  loca  1 -equi 1 ibr lum 
approach  is  valid  only  for  small 
particles  whose  relaxation  time  is 
smaller  than  the  life  of 

energy-containing  turbulent  eddies 
,vturbi  lent  time  macro  scale)  For 
inertial  particles,  whose  dynamic 
relaxation  time  exceeds  the  time  scale 
of  turbulence  nonlocal  transfer  is 
significant  in  inhomogeneous  turbulent 
flow  The  analysis  or  such  flow  is 
only  possible  on  the  basis  of  nonlocal 
models  In  channel  flows  of  inertial 
particles  the  intensity  of  particle 
velocity  does  not  become  zero  on  the 
walls  unlike  the  pulsations  of  fluid 
velocity  The  intensive  turbulent  motion 
of  particles  normally  to  the  wall 
determin-'d  the  particles  deposition  from 
turbulert  flows, and  averaged  slip 
velocity  The  diffusion  and  free-flight 
model  are  used  to  estimate  of  the 
inertial  ’■'‘"ansfer  of  pulsation  energy  of 
particulate  phase  toward  the  walls 
(Fridlender  Johnstone  .1975.  Reeks  & 
Sk/rme.  1976)  Note.  that  the  slip 
veic.?ity  IS  of  great  importance  to 
calculate  the  diffusion  coefficient  and 
turbule,  t  intensity  of  dispersed  phase 
These  effects  usually  are  called  as 
crossing  trajectory  effects'  (Yudine. 
1959,  CsuHody  1963,  Nir  &  Pismen  1979. 
Reeks.  1980  Correct  description  of 
motion  of  particles  near  the  channel 
wall  IS  possible  only  if  we  have  into 
cons  1  derat  i  :n  -  r.e  intera>.  t  ion-.  I',  t 
particles  arc'  bc’viriau>‘/  Tnv  f  .icl 
approach  to  moael  th*^  motion  of 

particles  in  turbulent 

chear  flows  is  method  of  probability 
density  functions  of  characteristics  of 
dispersed  phase  In  the  problem  of 
turbulent  fluid  flow  this  method  has 
been  discussed  iLundgren. 

1969 . Pope, 1985 . Chung  1976) 


Equations  of  motion  for  single  particle  are 


dkpK 
d  t 


=  Ypk 


-velocity  of 
of  carrying  gas  We 
coordinates  of  part 


particle,  RpK  -coordinates  of  part  ic  le  velocity 

use  description  of  probability  density  function  of  velocity  and 
icles  (PDF)  in  the  following  way 


cp  c^.v;  ^: )  =  S  (X  -  Rp  (i))  S(Y-  Vp  a)) 


We  averaged  over  the  ensemble  of  turbulent  realisation  and  obtain  the  non-closed 
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equation  fot  PDF 


■ive  i-ag,? d  vo  i  oc  1 1  (Xj-tJ 


where  (x, ■(;)=:  KUk.(X j't)^  +  U  nQCj't )  ,  t  f^K.  OCj "fc 

pulsation  gas  velocity 
Modelling  pulsation  gas  velocity  as  Gaussian  stochastic  process  ^(Kiyatskin,  .oO) 
We  find  the  following  expression 

<U.k(P'>~  [dx-i  fd^  <U;(Xi,^)w,K:Cx,'t3><  \ 

i  5  U:Cxi,i)  ^ 

where  functional  derivation  looks  as 


L’iiKa  ,  <1  ?gp;ft)  .  1  <h  SVJ,  (0 

Su;CXi,'!)  -soCi  Su:(;n,i)  -o-Vj^  Sa;Cxi,: 


Cxi,V 

As  a  result  wo  obtain  approximate  solution  for  functional  deriv'itions 

S  s  ®  ^  Cxi  -  Sp  ft )) 

The  expression  for  correlator  <iik9>  IS 

<Uk<;>>  =-  [cil[l-exp(-^}]<Ui(i$paXl)(6KCx,t)>|^-|-  [d^exp(;-^)  x 

<W:(epa),l)UKCx.t}>|^ 

This  expression  is  described  In  terms  of  probability  of  particles  transition 

<«:  CKp  LtiUi.)  (/<(«,■(■)>*  fcl  Xi  <  ii;  a Cx.t  I  A)> 

G  ^  S'  (x-  Rp(t))^(Xi-  Rp(ti)) 

Using  the  equation  or  particle  motion.  v;e  find  the  following  equation  iReeKs.lSSO) 

f  -tli 

whert-""  <w>^<V>-<U>  averaged  drift  velocity,  iTp^.i/r  die  ■^u(iZpCsj,s;p,,  3  a  t  1  C'  M 
veicc:t>  of  single  particle  T’*  function  1  "ti  ^  gives  the  density  or 

probability  of  particle  tranc:'  on  from  point  (Xiit)  point 

The  diSDlacsment  of  the  solid  particle  is  compooea^of  the  inertial  moverent  '(second 
term  in  the  argument  of  p  -function)  the  movement  under  tne  external  mass  force 
and  the  displacement  together  with  turbulent  eddies,  the  velocity  of  which  is  cal¬ 
culated  on  the  trajectory  of  reference  particle  (the  last  two  terms)  The  dispiare- 
ment  of  fluid  eddies  witn  trajectory  crossing  the  single  particle  path  we  denote  bv 

♦•fcisU.(Rp(S),i)  Using  the  variables  we  obtain 

^  Uc  (Rp(+i),l'i)UKC3Cj ■<;]>=■  Jc/x  <.<U;  Cx,t|oc  j 

In  the  assumption  of  Gaussia.n  type  pulsation  of  particle  velocity  we  can  write 
a  closed  expression  ^or  transition  probability  function 

<(JCx ■t-(xi,fi)>=  p^fj/repj  (x; -x'--<W>(-i-ii)f/Ci^p^;)] ' 

finally  we  hov'e  a  closed  equation  for  PDF 
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^  ^  1^:^  ^  f<M>=r  fdtie^p(-^)(clx'«UcCx,+)</j-Cx;+i)»<(i>. 

Note  that  the  above  equation  for  PDF  is  similar  to  FoKker-P 1 anck  (Ahmadi  & 

Hayday .  1980,  Chung,  i97b) 

EQUATIONS  FOR  FIR^T  AND  SECOND  MOMENTS  OF  PARTICLE  VELOCITY  FLUCTUATIONS 
The  equation  of  particle  numDer  concentration  |dv'<9(«,v:o> 

'djj^  ^  ^ 

The  equation  of  averaged  velocity  of  dispersed  phase  <V><V:>-  [dVT;<')>>  .. 

9<^>,  /tak  '^<''^>0.  <Ui'>-<Vi>  T)u  en<V> 

•9 -t  ''^'gXn  'Bxk.  'T  ~  t  'd'XK 

where  T>u^r(<viV-K>+^<i^i<J-K»  -  coefficient  of  turbulent  diffusion  of 

particles  Thie  system  or  equations  for  secona  moments  of  particles  velocity  pulsa¬ 
tion  IS 

<Vk>'?S!&4  4  <»,  + 

^  IC 


'^Xk  <a/> 


Note  that  operator  ^  in  the  right  side  of  PDF  equation  describes  ‘collisions' 
of  particles  with  turbulent  eddies  We  suggest  th?  proceduie  for  solution  tn*='  above 
PDF  equation  which  is  similar  t  .•  the  Chapman-Enskog  methods  of  solving  Kinetic  equa¬ 
tions  in  the  theory  of  gases  As  a  zero  approximation  we  .ave  equilibrium  relations 
tor  the  velocity  distribution  cf  particles  The  full  form  of  PDF  in  tne  appro.'.imat  i  on 


It'  (^-4)1  G  4  5  ] .  fl  ■ 


Tnp  second  correlation  of  vei>jc 


ty  pulsations  for  of  dispersed  phase  is 

T 9<V;>  ^  '9<Vi>> 


The  triple  correlation  of  th‘  velocity  pulsations  is  aetermined  in  terms  of  eady 
diffusion  of  particles 

<17? (r,><v>=  fdri;iV,<ct»=  -  <a/> 

Thus  we  have  the  system  of  closed  equations  for  concentration,  mom^-ntum  and 
pulsation  energy  of  dispersed  pnase  balances 

THE  BOUNDARv'  CONDITIONS 

The  boundary  conditions  are  formulated  in  the  frame  of  wai 1-particie  interac¬ 
tions  ^  We  assumed  that  reflected  particles  have  lower  speed  than  dropped  ones  Vc*  ^ 
<6cV£  of  reflected  particles  )is  connected 

with  PDF  of  particles  before  collisions  it  <9L>  j  ^  )*with  the  channel  wall 

<f(r,r)-s(r,-xX)S(vi+x,^')  W,-  x,v,') 

where  function  ^(V.V)  describes  the  interactions  dispersed  phase  and  boundary 
36^  -  coefficient  of  restitution  of  ampuls  in  t  -th  direction  Using  the  balance 
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of  rate  transfer  characteristics  of  deposited  and  reflected  particles,  the  boundary- 
conditions  are  formulated  for  equations  of  mass,  averaged  velocity, and  the  level  of 
turbulent  pulsations  of  particles  normal  to  the  wall 


Vz  ^ 

[(fS)  sjr |y^> 

Note  that  boundary  conditions  for  particle  consentration  in  homogeneous  flow 
IS  similar  to  reflected  boundary  conditions  for  Brownian  motion 
(Mennon  Sahni.l9S5) 


RESULTS  AND  DISCUSSION 


For  illustration  let  us  consider  a 
problem  in  the  approximation  of 
homogeneous  turbulence  Neglecting  the 
effect  of  particle  inertia 
(fp  •=.  0  >  onTpCmacro  scales  of 

turbulent  pulsations  of  fiuid  velocity 
on  the  particle  path^we  defined  relation 
between  T>  ,  Lp  and  Eulerian 

,  Te  ,  Le  1  and  Lagrangian(TL, 

L^}  macro  scales 


ft  ^  *7^  L  ^ 

For  cons  derably  drift  velocity  the 
scales  of  the  pulsation  field  of  gas 
along  the  path  of  the  particle  coincide 
with  Eulerian  macro  scales  For  low 
drift  velocit/  the  turbulent,  field 
around  tne  particle  has  the  Lagrangian 
c,'^ -racteristics  For  exponential 

approximation  we  have 

-iti/rp),Q=r/rE, 


f=[l+Q./pp(i+yj]  , Pp/q(1+J)  --f 


It  IS  possible  to  obtain  analytical 
formula  fcr  Lagrangian  time  scale  of 
particle  velocity  pulsations 


Tfu  g  i+Q/pp(i+yj 


Figure  1,2  show  dependence  of 
Lagrangian  scales  of  particle  on 
relative  velocity  (x/M  -  position  in  the 
wind-tunnel  test  section  ft  -0  5,  Cato 
£»  Yarnanoto ,  1 087)  We  see  that  as  the 
slip  velocity  of  small  inertial 
particles  C  Cl  1)  becomes 
significant  turbulent  Lagrangian  time 


scale  of  particle 
smaller  However, 

particles  Cl  >>1  , 
velocity  ^  '>>1. 

scale  of  particles 
relaxation  time 
We  calculate 
pa»*ticle  turbulent 


pulsation  becomes 
for  inertial 
order  in  high  si ip 
Lagrangian  time 
is  about  particle 


the  intensity  of 
pulsations  in  the 
case  of  inhomogeneous  turbulence  in  a 
pipe  Figure  3  compares  the  results  of 
author  calculations  (  ®0  3)  of  the 

normal  pulsating  velocities  of  particles 
with  the  results  of  stochostic 
simulations  and  experimentol  data  We  see 
that  as  the  infertility  of  particles  0  Si » 'ey 
Te  ) increases,  the  dispersed  phase 
penetrate  more  and  more  into  viscous  sub 
layer,  whi'  results  in  the  non  zero 
values  of  the  pulsating  velocity  on  the 
channel  wall  As  the  infertility  of 
particles  further  increases,  the 
intensity  of  turbulent  fluctuations  goes 
down  (Kin'«:e.  1959,  Pismen  L  Nir.1970) 
This  13  due  to  the  lower  intrainment  of 
heavy  particles  into  the  turbulent 
motion  Figure  4  compares  author 
calculation  results  with  the 
experimental  data  on  the  deposition  rate 
of  particles  from  turbulent  flow 

The  calculations  sho-w  substantial 
slip  velocity  of  disperses  phas-^  and  gas 
because  of  the  intensive  momentum 
transfer  between  the  turbulent  core  and 
near-wall  '**g.-:n  in  the  fl.r.  of  par^i'ic 


gas  suspension  ■(Figure  5j  In  this  -ail. 
the  particle  velocity  in  the  core  is 
smaller  than  carrier  phase  velocity,,  but 
in  the  near-wall  region  the  particle 
velocity  exceeds  of  the  gas  The 
predictions  and  experiments  are  in 
satisfactoiy  agreement  (Figure  6  R+ 
-tube  radius  in  universal 
coordinates. Vm/Um  -  relation  of  mean 
velocities  of  phases)' 


Fig  1  The  effect  of  slip  velocity  on 
Lagrangian  autocorrelation  time  of  par¬ 
ticle  velocity  pulsations  (points  by 
Wells  &  Stock ,,  1 983 ,  1 1  nes-ca Iculat ions ) 

1  -  7  -  l'\  T  -  17f 

Fig  2  Lagrangian  autocorrelation  time 
dependence  on  particle  dynamic  relaxion 
time  (points  by  Snyder  &  Lumley,,  1977, 
lines  -  calculations) 

1  -  x/M«30. 2  -  45.  3-90 

Fig  3  Particle  pulsation  velocity  in  the 


Fig  4  Particle  deposition  rate  '(points  by 
Papavergos  &  Hedley,  1984,, lines  -  calcula¬ 
tions) 

1  -  R+»5  E3,,  2  -  3  E3,,  4  -  1  E3,  5  -  6  E2 

Fig  5  The  averaged  velosity  of  dispersed 
phase  in  the  pipe  {R+«2300) 

1  -T  +  «l  ES.ai-O.,  2  -T+-1  E5.afA*l  ,aCi-o  8, 
3  -T+-1  E5, *3  =  1,  *1-0  5.  <1  -'T  +  'l  ESje^l. 
*1=0.  5  -^+-1  E4,*2  =l,3f,-0  8,  6  -r+=  1  E6 
*4=1..  3^1=0  8 

Fig  6  The  mean  velosity  of  particles  in 
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Fig  3  Fart-iclfc  pulsatiun  velocity  iri  tlie 
wall  region  (points  by  Kallio  &  Reeks. 
1989, lines  -  calculations) 

1  -  T  ^“1.  2-15,  3  -  100 


Fig  6  The  mean  velosity  of  particles  in 
a  pipe  (points  -  experimental  data, 
lines  -  calculations.  »£*!  ) 

1  -3Ci*0.2  -  0  6,  3  -  0  7.4  -  0  8 
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Abstract 

Transport  processes  of  monosized  droplets 
in  a  turbulent  swirling  shear  layer  were 
investigated  experimentally  and  theoreti¬ 
cally.  A  model  experiment  was  designed  that 
represents  the  spray  dispersion  produced  by 
airblast  atomizers. 

Based  on  the  experimental  results  a  sto¬ 
chastic  dispersion  model  was  developed.. 

The  analysis  of  the  numerical  results  em¬ 
phasizes  the  importance  of  an  accurate  de¬ 
scription  of  gas  phase  turbulence  charac¬ 
teristics. 

The  implementation  of  a  socalled  "Multiple- 
Particle-Option"  enables  the  model  to  re¬ 
solve  instationary  dispersion  characteris¬ 
tics. 


Introduction 

During  the  last  years  it  became  more  fea¬ 
sible  to  design  combustion  chambers  of  mo¬ 
dern  gas  turbine  engines  with  the  aid  of 
numerical  computations,  see  e.g.  Burrus 
(1989).  For  that  purpose  a  suitable  de¬ 
scription  for  the  transport  of  the  liquid 
phase  in  the  two-phase  flow  is  essential.- 
Therefore,  the  main  scope  of  the  present 
investigation  is  the  development  of  a  so- 
called  "Spectral  Dispersion  Model”  and  its 
evaluation  with  detailed  experimental  re¬ 
sults.  To  furnish  the  experimental  data 
required  for  that  purpose  ,the  experiment 
should  exhibit  rome  essential  features  of 
the  two-phase  flows  found  in  combustors 
with  airblast  atomizers.-  In  order  to  ensure 
well  defined  boundary  and  initial  condi¬ 
tions  for  the  liquid  phase,  a  model  experi¬ 
ment  was  designed  that  clearly  separates 
transport  phen-mena  from  effects  origina¬ 
ting  from  the  atomization  process. 

The  present  paper  describes  an  approach  for 
the  modelling  of  turbulent  particle  disper¬ 
sion  and  the  application  of  the  model  to 
the  experiment  mentioned  above. 

TWo-Phase  Flow  Model 

The  axisymmetric  gas  flow  field  was  de¬ 
scribed  by  the  time  mean  equations  for  con¬ 
servation  of  mass  and  momentum,  supplemen¬ 
ted  by  a  standard  k-t-turbulence  model..  The 
numerical  predictions  were  based  on  a  fi- 
nite-voiijme  .method  using  a  coraputoLionai 
mesh  of  79  x  61  nodes. 

The  liquid  phase  is  considered  in  a  Lagran- 
gian  frume.  The  assumption  of  a  dilute 
spray  is  justified  by  the  low  mass  loading 
as  well  as  by  the  large  droplet  spacings 
in  the  experiment  considered  here. 


The  major  problem  in  modelling  the  turbu¬ 
lent  particle  dispersion  in  a  Lagrangian 
frame  is  the  determination  of  the  actual 
gas  velocity  experienced  by  the  droplet.. 
In  the  present  approach,  it  is  assumed, 
that  for  the  calculation  of  stochastic 
droplet  trajectories  the  gas  turbulence 
can  be  characterized  by  a  Gaussian  pro¬ 
bability  density  distribution  (PDF)  and  a 
predefined  Lagrangian  autocorrelation 
function  R  of  the  velocity  fluctuations  .- 
Thereby,  the  turbulent  kinetic  energy  of 
the  gas  phase  is  distributed  over  a  range 
of  frequencies  (hence  the  name  "Spectral 
Dispersion  Model").,  This  means,  that  the 
model  accounts  for  gas  velocity  fluctua¬ 
tions  being  connected  with  "eddies"  of 
different  sizes.  Such  a  procedure  was 
first  proposed  by  Desjonqudrts  (1987).-  The 
present  approach  is  described  in  detail  in 
Blumcke  (1991)., 

At  Its  core  is  a  digital  filtsr,  that  nu-i 
merically  generates  the  velocity  fluctua¬ 
tions  for  the  Lagrangian  trajectories,  as 
demonstrated  by  OlivariSBenocchi  (  1987  )., 
The  transfer  function  of  such  a  filter  has 
to  be  identical  with  the  autocorrelation 
function  of  the  Lagrangian  velocity  fluc¬ 
tuations  and  therfore  requires  as  input 
parameter  the  Lagrangian  integral  time  T, 
or  length  scales  I  .  The  transfer  function 
is  now  z-transfcrmed  and  the  discrete 
transform  is  multiplied  with  a  random  num¬ 
ber  sequence  having  a  Gaussian  probability 
density  distribution  and  a  "white  noise" 
spectrum,  i.e.-  the  convolution  theorem  in 
Its  discrete  form  is  used  to  generate  step 
by  step  a  number  sequence  that  exhibits  a 
Gaussian  PDF  as  well  as  the  behaviour  of  a 
digital  filter  with  a  predefined  spectral 
function.-  The  filter  output  signal  is  then 
multiplied  by  the  RMS-velocity  to  yield 
the  actual  velocity  fluctuation.  Each  of 
the  veloc  ry  components  is  assigned  to  one 
digital  fii  er.-  This  technique,  which  can 
easily  be  extended  to  account  for  aniso¬ 
tropic  turbulence,  Blumcke  et  al.  (1990), 
enables  the  calculation  of  the  trajectory 
of  a  fluid  particle. 

Due  to  the  inertial  force,  the  spectral 
manipulation  technique,  working  solely  in 
time,  is  not  sufficient  for  the  provision 
of  velocity  fluctuations  along  the  path  of 
a  droplet,  see  Fig. la.-  Therefore,  a  fluid 
particle  and  a  discrete  particle  are  al¬ 
ways  followed  simultaneously  in  the  dis¬ 
persion  model  .  To  that  effect  the  spatial 
evolution  of  velocity  fluctuations  between 
the  location  of  the  fluid  particle  and 
that  of  the  discrete  particle  also  have  to 
be  resolved  by  the  spectral  manipulation 
technique,  which  is  now  applied  in  the 
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space  domain  as  long  as  the  droplet  stays 
in  a  correlation  domain.  A  correlation 
domain  is  defined  by  the  volume,  in  which 
there  is  a  correlation  between  the  velo-; 
city  fluctuations  at  the  location  of  the 
fluid  point  and  that  of  the  particle.  Lea¬ 
ving  its  correlation  domain,  the  particle 
experiences  a  crossing-tra jectory-ef feet., 

a:  Traiectories  or  a  fluid  and  a  discrete 
particle,,  resp.' 


-  e-  —  fluid  particle 

— 9 —  discrete  par¬ 
ticle 


b:  Link  of  the  two  digital  filters 

I:  Trajectory  of  a  discrete  particle 

in  the  time-space-domain 
II !  Correlation  domain  in  time 
III:  Correlation  domain  in  space 


Fig.  1:,  Spatial  evolution  of  gas  veiocity 
fluctuations 


The  initial  position  in  the  new  correlation 
domain,  sketched  in  Fig.  Ibl,  is  then  re¬ 
established  while  the  digital  filters  are 
restarted.- 

The  remaining  task  of  the  proper  matching 
of  the  two  digital  filters,,  working  in 
time.  Fig.  Ibll.-  and  space.  Fig..  Iblll, 
resp.,  requires  that  the  filter  input  sig¬ 
nals  have  to  be  stored.  The  matching  in¬ 
struction  originates  from  an  assumed  link 
of  Lagrangian  time  and  length  scales.- 
The  anisotropic  Lagrangian  integral  length 
scales  L,  of  the  coordinate  directions  i 
can  be  tfalculated  following  Hinze  (1975) 
as: 


L 


i 


Cl*Tl*U 


rms,i 


(1), 


where  c  is  a  model  constant  and  Uj™  ,  is 
the  root  mean  square  of  the  PDF  of  VOTbeity 
component  i.  With  the  experiment  of  Snyder& 
Lumley  (1971),  serving  as  validation  test 
case,  the  constant  C,  was  set  to  0.4  as  a 
result  of  computer  optimization.- 
Hence,  the  Lagrangian  integral  length 


scales  enter  the  procedure  twice  via  the 
filter  transfer  function  and  the  dimen¬ 
sions  of  the  correlation  domains. - 
The  link  between  length  and  time  scales 
also  requires  to  assume  the  same  shape  of 
the  autocorrelation  functions  of  the  digi¬ 
tal  filters  working  in  time  and  space. 

As  has  been  mentioned,  associated  with  the 
linkage  is  the  burden  of  storing  the  fil¬ 
ter  input  sequence.  This  problem  was  over¬ 
come  by  storing  only  one  very  long  sequen¬ 
ce  of  input  signals.-  On  this  very  large 
vector  each  particle  is  assigned  to  a  se¬ 
parate  start  index  and  a  separate  incre¬ 
ment  for  every  velocity  component. 
Thereby,  it  is  guaranteed  that  each  velo¬ 
city  component  of  every  particle  experien¬ 
ces  an  individual  filter  input  sequence. 

Diagnostics 

For  the  measurements  of  gas-  and  particle 
velocities  a  two  component  Laser-Doppler- 
Anemometer  (LDA)  was  used.  The  dispersion 
and  velocity  of  the  monosized  drops  were 
measured  under  90°  scattering  angle  to 
limit  the  nominal  measurement  volume  size.. 
This  size  was  varied  from  about  50x50x200 
pm  near  the  nozzle  to  150x150x600  pm 
further  downstream  in  order  to  adapt  to 
the  different  droplet  concentrations. 

The  liquid  mass  flow  was  determined  by  an 
algoritlun  proposed  by  Saffraan  (1987).  A 
validation  test  of  the  algorithm  using 
monosized  dioplets  showed  a  good  agreement 
between  measured  and  theoretical  data. 

The  errors  of  this  measurement  technique 
were  estimated  to  be  less  than  20%  for  the 
present  investigation,  Hassa  (1991).-  The 
same  error  margin  is  claimed  for  the  re¬ 
producibility  oi  the  measured  data,  mainly 
caused  by  minor  fluctuations  of  the 
operation  characi  ristios  of  the  droplet 
generator. 

Model  Experiment 

The  purpose  of  the  model  experiment  was 
the  quantitative  evaluation  of  models  for 
the  turbulent  dispersion  of  particles  in  a 
flow  exhibiting  the  features  of  gas  tur¬ 
bine  combustor  flows,  that  are  relevant  to 
dispersion:  a  swirling  recirculating  shear 
layer,  creating  a  strong  source  of  turbu¬ 
lent  kinetic  energy  where  drops  prevail, 
before  they  are  vaporized  in  a  combusting 
environment.- 

Consequently,  the  gas  flow  in  the  model 
configuration.  Fig.  2a,  consists  of  a 
swirling  air  jet  discharged  in  a  low  velo¬ 
city  co-flowing  air  stream.  Great  care  was 
taken  to  ensure  the  axial  symmetry  of  the 
flow,  see  Hassa  et  al.  (1988). 

By  the  use  of  a  monodisperse  di  plet  gene¬ 
rator  the  initial  conditions  for  the  liq¬ 
uid  phase:  location,  size,  velocity  and 
concentration  of  the  droplets  are  known. 
For  this  investigation,  water  droplets  of 
23,  30  and  44  pm  were  produced  with  ini¬ 
tial  velocity  fluctuations  of  ajjout  2%.-  By 
positioning  the  generator  off-axis  in  the 
annulus  between  the  swirling  and  the  non¬ 
swirling  airflow  -  the  analogon  to  the 
atomizing  lip  of  an  atomizer  nozzle  -,  the 
axial  symmetry  of  the  liquid  phase  flow  is 
lost  and  it  becomes  fully  threedimension¬ 
al,  reflecting  the  ability  of  studying 
threedimensional  effects  by  a  Lagrangian 
dispersion  model  even  if  the  underlying 
gas  flow  is  axially  symmetric. 
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a: 


Schematic  layout  of  the  experiment 


1  inner  airflow 

2  coaxial  airflow 

3  swirler 

4  swirl  channel 

5  droplet  generator 

6  annulus 

7  flow  straightener 


b:  calculated  isothermal  flow  field 


r  (mml 


Fig.,  2:  Model  experiment  "Turbulent  Par¬ 
ticle  Dispersion" 


Fig.,  3:  Snapshot  of  the  drop  dispersion 
after  the  point  source  located 
off-axis:  perspective  view  of  a 
reconstructed  hologram 


The  ultimate  prerequisite  for  the  evalu¬ 
ation  of  the  particle  dispersion  model  is 
the  knowledge  of  the  correct  gas  flow  field 
including  the  Reynolds  stress  tensor  and 
the  dissipation.-  The  comparison  of  calcu¬ 
lated  and  measured  data  showed  a  reason¬ 
able,  but  not  yet  sufficient  agreement  for 
the  mean  gas  flow  field,  BlUmcke  et  al. 
(1988).'  Therefore,  measured  data,  like  the 
mean  gas  velocity  and  the  turbulent  kinetic 
energy,  replaced  whenever  possible  the  cal¬ 
culated  data.-  The  turbulent  input  parame¬ 
ters  of  the  Lagrangian  code  are  formed  by  a 
combination  of  the  values  from  k  and  e  < 
While  e  could  not  be  measured,  the  calcu¬ 
lated  Lagrangian  integral  time  scales  were 
judged  by  the  evaluation  of  measured  power 
spectral  density  distributions  of  the  gas 
fluctuations,  Hassa  et  al.-  (1990)., 

Results 

The  three  dropsizes  considered  in  the  ex¬ 
periment  are  within  the  range  of  interest 
for  airblast  atomizers.  The  particle  Rey¬ 
nolds  numbers  were  kept  similar  to  the  ones 
in  a  combustor  in  order  to  provide  a  rough 
check  for  the  applicability  of  the  chosen 
particle  drag  description.  Moreover  mean 
and  turbulent  particle  Stokes  nuinbers  of 
the  model  experiment  are  within  a  range 
guaranteeing  that  the  droplets  react  on  the 
gas  flow  in  about  the  same  way  as  in  a  com¬ 
bustor,  Hassa  et  al.,  (1990)., 

Fig.  3  shows  a  perspective  view  on  a  re- 
contructed  hologram  of  the  dispersion  pro¬ 
cess  of  the  44  pm-droplets.  There,  two  dif¬ 
ferent  dispersion  regimes  were  identified: 
the  acceleration  regime,  characterized  by 
drops  staying  together  in  chains,  and  the 
regime,  where  the  drops  reach  the  mean  gas 
velocity  and  disperse  in  clouds,  Bliimcke 
et  al  (1988). 

An  overall  impression  of  the  mean  disper- 


Fig.'  4:  Position  of  the  cartesian  sector 
where  drop  quantities  are  shown 
X  -  Position  of  the  drop  ejection 

Sion  process  of  44  iim  diameter  droplets 
gives  Fig..  5,,  where  calculated  number  flux 

[  kHz/mm'  ] 


Fig.  5:  Perspective  view  of  the  calculated 
flux  density  distribution  of  the 
44pm-drops  in  3  cross-sections 
(  attention:  scale  splits  I  ) 


density  distributions  over  three  succes¬ 
sive  cross-sections  of  the  experimental 
facility  are  shown.  In  order  to  resolve 
graphically  the  threedimensional  dispersion 
in  the  radial-tangential  plane,  only  a  rec¬ 
tangular  sector  of  the  whole  plane  is 
sketched,  as  indicated  in  Fig.  4. 

Under  the  action  of  gas  turbulence,  the 
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droplets  disperse  more  and  more,  while  they 
are  highly  accelerated  by  the  mean  gas  flow 
field.  As  can  be  seen  in  more  detail  in 
Fig.  6b,  there  exists  a  preference  for  the 
dispersion  in  the  circumferential  direc¬ 
tion,  which  cannot  be  seen  in  the  measure¬ 
ments,  Fig.  6a.  These  discrepancies  lead  to 
the  structure  of  the  relative  error  of  the 
number  flux  density  as  is  exemplary  shown 
in  Fig.-  6o.  The  relative  error  of  the  num- 


a:  Measured  flux  density  distribution 
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c:  Relative  error  of  the  calculated  flux 
density 


[  %  1 


[ 


ABOVE 

8000 

6000 

0000 

4000 

6000 

2000- 

4000 

000 

20  X) 

2000  • 

000 

•4000 

2000 

•6000. 

•4000 

*8000  *-6000 
B61CW  -8000 


r  *  s\o{jf)  (mm] 

-5  5  15  25  35  45 


1=37.5  mm 
44  um  particle 


-50 
-40  § 
-303. 

'V) 
1-20  « 

10 


Fig.,  6:  Comparison  between  the  measured  and 
the  calculated  flux  density  of  the 
44  pm-drops  at  z  =  37.5  mm 


ber  flux  density  accumulates  to  80%  in  the 
mpasiirement  plane  z  -  49.0  ram.. 


The  analysis  of  the  comparison  between 
measured  and  calculated  mean  particle  ve¬ 
locities  at  a  height  z  =  37,5  mm.  Fig.-  7  I 
and  Fig.-  7  II,  resp. ,  reveals  the  reasons 
for  this  behaviour  of  the  numerical  simu¬ 
lations.  In  the  measurements  there  can  be 
seen  a  quite  different  gradation  of  the 
mean  velocity  distributions  of  the  three 
components,  resulting  mainly  from  the  his¬ 
tory  of  individual  droplet  trajectories, 
i.e.  from  inertia  effects.  Only  in  the  ra-^ 
dial  velocity  component  the  gradation  qua¬ 
litatively  resembles  that  of  the  underly¬ 
ing  gas  flow,  while  there  is  a  very  smooth 
distribution  of  the  axial  velocity  compo¬ 
nent,  contrary  to  the  results  of  the  simu¬ 
lation.  This  latter  fact  is  primarily  due 
to  the  differences  observed  in  the  radial 
component:  The  dispersion  model  doesn't 
reproduce  the  range  of  the  radial  veloci¬ 
ties  of  the  droplets  (from  -8  m/s  up  to  10 
tn/s)  on  the  base  of  the  measurements  of 
the  gas  flow  -  where  in  the  region  under 
consideration  only  positive  radial  veloci¬ 
ties  exist  -  under  the  assumption  of  Gaus¬ 
sian  probability  density  distributions  of 
the  velocity  components  .- 

Some  deviations  from  the  Gaussian  shape  of 
the  PDF  were  observed  in  the  experiment  in 
the  radial  velocity  component  combined 
with  a  high  degree  of  anisotropy  of  the 
Reynolds  normal  stresses,  Hassa  (1991): 
The  radial  normal  stress  component  domina¬ 
tes  the  two  other  components  in  the  shear 
layer  .- 

The  measured  radial  velocity  distribution 
of  the  droplets  causes  an  extensive  ex¬ 
change  in  the  radial  direction.-  Because  of 
the  inertia  of  the  droplets,  this  increa¬ 
sed  exchange  results  in  a  smooth  distribu¬ 
tion  of  the  mean  axial  velocity  component 
as  well  as  in  a  high  turbulence  Intensity 
of  that  component.  Additionally  the  steep 
gradients  of  the  underlying  mean  gas  flow 
amplify  the  differences  between  measure¬ 
ment  and  simulation  in  the  tangential  ve¬ 
locity  distribution.  Therefore  it  can  be 
concluded  that  the  wrong  prediction  of  the 
radial  velocity  component  of  the  droplets 
IS  the  mam  reason  for  the  discrepancies 
observed  in  the  calculated  drop  disper¬ 
sion. 

In  order  to  investigate  the  influence  of 
the  shape  of  the  gas  PDF  on  the  dispersion 
process  calculations  were  performed  which 
were  based  on  extremly  bimodal  probability 
density  distributions  of  the  radial  gas  ve¬ 
locity  component,  also  simulating  the  in¬ 
creased  level  of  the  radial  normal  stress. 
Thereby,  it  could  be  proved  that  the  shape 
of  the  PDF  can  determine  the  flux  distri¬ 
bution  via  the  radial  velocity  distribu¬ 
tion. 

These  calculations  show,  that  the  disper¬ 
sion  model  can  treat  more  information  than 
the  k-  E  -turbulence  model  of  the  gas  phase 
delivers.  "Large-Eddy-Simulations"  yield¬ 
ing  information  about  the  shape  of  the  gas 
PDF's  might  be  a  remedy  here. 

Another  difficulty  in  the  calculations 
arises  from  the  uncertainty  concerning  the 
used  empirical  correlations  for  the  deter¬ 
mination  of  the  Lagrangian  Integral  time 
and  length  scales.  These  uncertainties  are 
mainly  reflected  in  the  differences  bet¬ 
ween  calculated  and  measured  variances  of 
the  droplet  velocity  distributions. 

The  analysis  of  the  measurements  of  the 
smaller  droplets  delivers  no  additional 
information  related  to  the  quality  of  the 
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I:  Calculated  velocities 
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II:  Measured  velocities 
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presented  dispersion  model,  emphasizing 
the  fact,  that  the  influence  of  particle 
relaxation  time  is  correctly  reproduced  by 
the  dispersion  model.  For  more  information 
the  reader  is  referred  either  to  Hassa 
(1991)  or  BlUracke  (1991)., 

Instatlonary  dispersion  characteristics 

Another  interesting  feature  of  the  disper¬ 
sion  process,  which  is  important  for  mi¬ 
xing  processes  in  two-phase  flows,  is  the 
existence  of  droplet  clusters,  moving 
through  the  model  combustor,  similar  ef¬ 
fects  were  also  observed  in  plain-jet  ato¬ 
mizers,  FaragoSChigier  (1990).- 
This  transport  phenomenon,  which  is  appa¬ 
rent  in  the  snapshot  of  the  dispersion. 
Fig. 3,  can  be  modelled  assuming  that  nelg- 
bouring  drops  experience  correlated  gas 
velocity  fluctuations,  as  far  as  they  can 


lie  described  by  the  macroscopic  properties 
of  stochastic  turbulence.  The  aim  of  the 
"Multiple-Particle-Option"  (MPO)  is  real¬ 
ized  as  follows: 

1. ;  All  particles  are  handled  simultaneous¬ 

ly. 

2.  Starting  form  a  randomly  sampled  drop¬ 
let,  called  "leading"  drop,  the  MPO  re¬ 
cognizes  neighbouring  droplets  found  in 
the  correlation  domain  of  the  "leading" 
drop  and  assignee  individual  filter 
output  sequences  to  them.  These  are 
correlated  because  they  are  based  on 
the  same  starting  index  and  increment 
on  the  vector  of  filter  input  signals 
as  the  "leading"  drop.  The  only  differ¬ 
ence  is  caused  by  the  individual  posi¬ 
tions  of  the  particles.- 

Thus,  the  drops  are  subdivided  in 
groups,  respectively  exhibiting  a  simi¬ 
lar  dispersion  behaviour. 
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3.;  The  individual  droplet  remains  in  that 
cluster  as  long  as  it  stays  in  its  own 
correlation  domain.  If  the  droplet  has 
left  its  correlation  domain,  the  MPO 
searches  another  correlation  domain  of  a 
"leading"  drop,  to  which  the  droplet  can 
be  assigned.-  If  there  is  no  such  corre¬ 
lation  domain,  the  droplet  itself  be¬ 
comes  "leading"  drop  with  its  own  start 
index  and  increment  on  the  vector  of 
filter  input  signals.; 

Fig.  8a  shows  a  typical  arrival  time  sta¬ 
tistics  plot,  measured  at  the  position  of 
the  maximum  number  flux  density  at  z  =  10.0 
mm.  The  character  of  the  droplet  chain  ob¬ 
served  in  the  first  dispersion  regime,  is 
responsible  for  the  high  probability  of 
short  arrival  times  as  well  a.,  for  a  higher 
probability  of  long  arrival  times,  compared 
to  the  arrival  time  statistics  of  a  homo¬ 
geneous  mixture  of  droplets  in  a  laminar 
flow  (Poisson  statistics).; 

a:  Experimental 

result  ' 


IS  suitable  for  the  quantitative  evaluation 
of  dispersion  models. 

A  theoretical  model  for  the  description 
of  liquid  phase  transport  processes  in  tur¬ 
bulent  swirling  flows  was  developed.- 

The  analysis  of  the  deviations  of  mea¬ 
sured  from  calculated  data  for  the  disper¬ 
sion  process  in  the  model  experiment  empha¬ 
sizes  the  importance  of  the  correct  de¬ 
scription  of  gas  phase  turbulence  proper¬ 
ties  in  the  vicinity  of  the  nozzle. 
Instationary  dispersion  characteristics 
were  numerically  simulated  proving  the  fact 
that  the  dispersion  of  droplet  clusters  is 
effected  by  the  macroscopic  stochastic  gas 
turbulence . 
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b:  Simulation 
without  F  0 


c:  Simulation 
with  MPO 


Fig.  8:  Arrival  time  statistics  of  the  44 
pm-droplets  at  z  =  10.0  mm,  at  a 
radius  of  27.0  mm  and  an  angle  of 
0  relative  to  the  droplet  ejection 
point:  Comparison  of  results  of  the 
experiment  and  of  simulations 

The  result  cf  the  presented  spectral  dis¬ 
persion  model  without  MPO  is  illustrated  in 
Fig.  8b:  The  trend  of  this  arrival  time 
statistics  ?’ot  resembles  qualitatively  the 
Poisson  statistics.-  The  situation  changes 
for  the  calculated  arrival  time  statistics 
using  the  "fultiple-Particle-Option",  Fig. 
8c :  As  was  s-.'en  in  the  measurements,  there 
is  a  high  probability  for  short  arrival 
times,  aoc.junting  for  the  fact,  that  neigh¬ 
bouring  drops  stay  together. 

In  the  measurements  this  fact,  which  might 
have  a  strong  impact  on  drop  vaporization, 
was  observed  over  the  whole  flow  field. 
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ABSTRACT 

This  paper  shows  how  electrochemical  probes  can  be 
used  to  measure  the  wall  shear  stress  for  unsteady  flows  -  even 
when  the  oscillations  are  large  enough  to  cause  temporary  flow 
reversal  at  the  wall  New  experimental  results  are  presented 
for  turbulent  flows  with  and  without  imposed  sinusoidal  flow 
oscillations  Of  particular  interest  is  the  findmg  that  large 
amplitude  flow  osctUations  can  cause  a  decrease  m  the  time  - 
averaged  drag 


the  response  of  the  sandwich  probe  to  an  imposed  sinusoidal 
flow  variation  with  an  amplitude  that  is  large  enough  to  create 
temporary  flow  reversal  In  practice,  the  msulatton  layer 
lietween  the  two  rectangular  electrodes  caiuiot  be  made 
negligibly  thin  Therefore,  an  important  aspect  of  the 
calculation  is  the  deteimination  of  the  effect  of  insulation 
thickness  on  the  behavior  of  the  sandwich  probe. 

THEOREHCAL  ANALYSIS 


INTRODUCTION 

Small  mass  transfer  probes,  mounted  flush  to  a  wall 
over  which  a  fluid  is  flowmg,  have  been  used  for  many  years 
to  measure  the  wall  shear  stress  m  flow  systems.  A  chemical 
reaction  is  carried  out  on  the  surface  of  an  electrode  under 
conditions  for  which  the  reaction  rate  is  fast  enough  that  the 
concentratton  of  the  reacting  species  is  zero  at  the  surface  and 
the  electrochemical  process  ts  controlled  by  the  rate  of  mass 
trarisfer,  N,  to  the  test  electrode  A  solution  of  the  mass 
balance  equation  for  steady  flow  conditions  shows  that  the 
measured  electric  current  is  proportional  to  the  one  third  power 
of  the  wall  shear  rate,  S. 


The  behavior  of  a  wall  shear  stress  probe  can  be 
calculated  from  the  mass  balance  equation 


dC 

dl 


(11 


where  S  is  the  velocity  gradient  at  the  wall  This  is  solved  for 
the  boundary  conditions  that  C  =  C,  at  large  y  and  tliat  C  =  0 
at  y  =  0. 

Tile  solution  of  (1)  for  a  steady  Bow  is  given  as 


The  sampling  volume  is  the  concentration  boundary- 
layer  over  the  electrode,  5,  Because  of  the  large  Schmidt 
number  charactenzuig  the  process  and  the  small  size  of  the 
probe,  5,  is  typically  0  003  -  0  02  mm.  As  a  consequence,  the 
electrochermcal  probe  is  capable  of  measuring  flow  closer  to 
a  boundary  than  any  other  known  technique.  However,  its  use 
has  been  mainly  limited  to  forward  moving  flows  with  small 
amplitude  oscillations.  This  paper  describes  a  new  method  'hat 
has  been  developed  to  apply  t,j  technique  to  situations  in 
which  large  amplitude  oscillations  exist  and  in  which  the  flow 
13  changing  dirmion  at  the  wall 

The  present  practice  m  using  wall  probes  in  unsteady 
flows  is  to  apply  a  pseudo-state  approximation  whereby  the 
relation  between  the  mass  transto  rate  and  the  velocity 
gradient  developed  for  steady  flow  is  applied  to  an  unsteady 
flow.  If  oscillations  of  small  arnphtude  are  imposed  on  a  mean 
flow,  a  linearized  form  of  the  mass  balance  equation  can  be 
used  to  correct  for  frequency  response, 

Mao  and  Hanratty  (1991a,  b)  developed  an  uiverse  mass 
transfer  method  which  recovers  shear  rate  variations  from 
measured  mass  transfer  signals  from  a  single  electrode.  This 
can  be  used  in  reversing  flows  if  additional  information  on  the 
flow  direction  is  given  They  .suggested  that  two  rectangular 
electrodes  in  a  sandwich  arrangemem,  as  reported  by  Son  & 
Hanratty  (1969)  and  by  Py  (1973),  can  be  used  to  provide 
infoimatton  about  flow  direction.  However,  this  idea  could  not 
be  implemented  because  the  frequency  lespoiise  of  the 
sandwich  probe  was  not  understood,  especially  in  large 
amplitude  unsteady  flows.  Consequently,  the  inverse  mass 
transfer  method  has  been  used  to  determine 


where  L  is  the  electrode  length  and  K  is  the  mass  transfer 
coefficient  Finite  difference  methods  can  be  used  to  calculate 
from  (1)  the  time  -  varying  mass  transfer  coefficient,  K(t),  from 
the  time  -  varying  velocity  gradient  at  die  wall,  S(t).  Of  coune 
what  needs  to  be  solved  is  the  inverse  problem:  K(t)  is  known 
and  S(i)  is  to  be  calculated. 

Mao  dt  Hanratty  (1991a)  have  recently  developed  such 
an  mverse  analysis  Suppose,  that  at  tuiK  t,  the  velocity 
gradient  S(l)  and  the  concentration  field  are  known  TTie 
velocity  gradient  at  t-ftAt  is  assumed.  Equation  (1)  is  used  to 
calculate,  by  firote  -  deference  methods,  the  concentration  field 
and  the  mass  transfer  coefficient  at  t+At.  If  this  calculated 
mass  transfer  coefficient  agrees  with  the  measurement  the 
assumption  is  correct;  if  not,  a  new  assumption  is  explored 

This  approach  has  been  successfully  employed  in 
turbulent  flows  (Mao  &  Hanratty,  1991b)  without  flow 
reversals.  In  these  studies  data  are  digitized  at  25,600  points 
so  considerable  conqruter  time  is  needed  to  solve  equation  (1) 
by  trial  and  error  techniques  at  each  of  these  points.  In  order 
to  study  reversuig  flows  equation  (1)  is  solved  for  the  case  of 
two  rectangular  electrodes  separated  by  a  layer  of  insulation 
about  one-half  the  thickness  of  the  electrodes. 

EXPERIMENTS 

Experiments  were  carried  out  in  a  5  cm  pipe.  An 
aqueous  solution,  0.1  M  in  K1  and  2  x  10 ’M  in  I,,  was 
circulated  The  lest  .■'ection  was  made  of  plexiglas  In  the 
turbulence  studies  without  imposed  oscillations,  a  platinum 
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wire,  0  0127  cmin  diameter,  was  inserted  into  the  test  section 
and  polished  flush  with  the  wall  It  served  as  the  cathode  in  an 
electrolysis  cell  and  a  stainless  steel  pipeline  with  much  larger 
area  served  as  an  anode  The  test  electrode  was  controlled  at 
a  high  enough  voltage  that  the  reaction  was  mass  transfer 
controlled  The  current  flowing  in  the  electrolysis  circuit  is 
then  proportional  to  the  mass  transfer  coeffleient.  For  the 
conditions  studied  the  diameter  of  the  electrode  made 
dimensionless  with  wail  parameters  was  less  than  5,  so  no 
spatial  averaging  of  the  velocity  fluctuations  occurred 

For  experiments  with  large  amplitude  flow  oscillations 
a  sandwich  probe  was  used  It  was  made  from  two  pieces  of 
0.0102  cm  thick  platinum  sheet.  The  actual  dimensions  of 
each  of  the  electrodes  was  0  01 1  x  0  093  cm  The  thickness  of 
insulation  between  them  was  0.0024  an 


RESULTS 

Figure  la  shows  a  signal  representative  of  the  measured 
variation  Uie  velocity  gradient,  S(t)  in  a  turbulent  flow.  Figure 
lb  shows  the  dimensionless  mass  transfer  coefficient  obtained 
from  the  results  m  figure  la  by  a  direct  finite  difference 
solution  of  (1 )  Figure  Ic  shows  values  of  S(t)  calculated  from 
K(t)  shown  in  figure  lb  by  using  inverse  mass  transfer 
calculations  The  abdity  of  these  methods  to  analyze  a 
randomly  varying  signal  is  demonstrated  by  the  equivalence  of 
die  tracings  figures  la  and  Ic. 
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Fig.  la.  Input  of  velocity  gradient  variation 

Fig  lb  Prediction  Nu*  using  Fig.  2a  as  in  the  input  of 
velocity  gradient  variation 


Fig.  Ic  Estimated  S  using  Fig  2b  as  input  for  the 
inverse  mass  transfer  problem 


The  analysis  of  the  random  signals  obtained  from 
laboratory  measurements  revealed  small  but  significant 
differences  from  results  obtained  by  using  Linear  theory  to 
correct  for  frequency  response  The  root-mcan-square  (made 
dimensionless  with  the  tunc  -  average  vclocMy  gnuliem),  the 
skewmess  and  the  flatness  of  the  fluctuating  suess 


were  found  to  be  0  39,  0  96  and  4  2  A  measured  frequency 
spectrum  is  shown  m  figure  2 


10“'  10°  ic'  10^ 

n(1/sec) 

Fig.  2  Spectral  density  function  of  s, 

0  quasi'Steady  method.  A  linear  theory  correction, 
V  mverse  method 

(Re  =  29270,  samplmg  frequency.  64  Hz) 


Figure  3a  shows  the  dimensionless  time  •  varying  wall 
velocity  gradient  for  a  case  m  which  a  large  unplitude 
oscillation  was  imposed  on  a  flow  The  Reynolds  numl^r  was 
10,610.  The  dimensionless  circular  frequency  was  (o*  s 
0  0506  It  is  noted  that  negative  values  of  the  velocity  gradient 
at  the  wall  were  measured. 

The  phase  -  average  of  a  large  number  of  cycles  gave 
the  results  shown  in  figure  3b.  The  time  average  of  this  gives 
S  =  0.89.  This  indicates  an  11  per  cent  drag  •  reduction  since 
S  was  made  dimensionless  with  the  time  -  average  of  the 
velocity  gradient  with  no  osciliaiions. 

Figure  3(c)  gives  the  root-mean-square  of  the 
fluctuations  of  the  phue  average  This  mdicate  peaks  near 
locations  where  <S>  is  going  through  zero  These  results 
could  be  real,  but  a  more  likely  explanation  is  errors  in  the 
Iteration  procedure  ui  this  region.  These  errors  could  be 
avoided  but  a  larger  number  of  iterations  and  considerably 
more  computer  time  would  be  required. 

Because  of  the  impoitance  of  the  discovery  of  drag  ' 
redaction,  numerical  experiments  were  carried  out  to  determine 
wliether  this  result  was  associated  with  errors  in  the  iteration 
procedure.  A  turbulent  fluctuating  signal  such  as  shown  in 
figure  la  was  added  to  a  signal  given  by  S  =  1  +  2  cos  cot. 
The  combined  sigiigl  has  flow  reversals  of  the  type  shown  in 
figure  3a  and  a  time  •  average  of  1.0. 

This  combined  signal  was  used  to  calculate  a  time  - 
varying  mass  transfer  rate  by  a  direct  numerical  solution  of  ( 1 ) 
The  inverse  technique  wa.5  then  used  to  analyze  this  K(t).  The 
phase  average  of  tl>e  results  are  shown  in  figure  4.  The 
caiculaied  intensities  in  41)  show  the  same  type  peaks  at  flow 
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icvcrsals  that  were  obtained  by  analyzing  the  laboratory 
measurements  However  the  phase  average  is  approxunatetl  by 
S  =  1  +  2  cos  tot  so  that  S  =  1  0  This  suggests  that  the  diag  - 
reduction  obsftved  for  turbulent  flows  with  utiposed  large 
amplitude,  sinusoidal  variations  is  real 


Fig  3  A  turbulent  flow  with  large  miposed  oscillatioas. 

Re  =  10,600,  CO*  =  0.0506, 

I  flj  /  u,  -  0  377,  S  -  0.89,  (?)  ?  5  -  041 

Other  tests  have  been  performed  with  large  amplitude 
imposed  non-sinusoidal  tsaw^tooth)  oscillations  Under  cettain 
conditions  these  show  drag  •  reductions  of  the  order  of  S  to  10 
per  center,  even  when  flow  reversals  at  the  waU  were  not 
observed.  These  seem  to  be  associated  with  sharp  drops  m  the 
phase  '  averaged  velocity  gradient  during  periods  of 
unfavorable  pressure  gradient  and  a  slow  relaxation  during 
periods  of  favorable  pressure  gradient 
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Fig  4  Nuinencal  cxpcruncnis  with  a  signal  given  by 
S  s  1  +  2  cos  ox  -f  turbulence.  Results  gives 

S  =  0  997  and  j  p  /  S  =  0  363 
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ABSTRACT 

Wall  shear  ilreai  (WSS)  meaauremenia  in  pulsalinj  flows 
in  diverging  channels  are  reported.  The  total  divergence 
angles  were  2.4*  and  6*.  The  velocity  oaciUationa  at  the 
diffiiser  entrance  had  amplitudea  of  20  and  40%  and 
frequencies  ranging  from  <d'''>4).001S  to  0.04.  It  ia  found 
that  the  dme-mean  WSS  value  and  WSS  turbulent 
intensity  are  inaeaaed  by  forced  osciUalioni.  The 
oscillations  of  WSS  are  sr.aller-and  the  modulation  of  the 
turbulent  intensity  of  'lie  WSS  are  larger  than  in  constant 
area  unsteady  channel  flows  in  similar  forcing  conditions. 
These  effecu  increase  with  the  divergence  angle  of  the 
channel. 

NOMENCLATURE 
b(s)  K  half  height 

X  3  wall  shear  stress  n^sshear  velocity 
Igcviscous  Stokei  length  ;  frequency  parameter 
l,+  «lsU/v  ®*'-2/0,V 

X  =X'fX+x':  triple  decomposition  of  x  into  time  mean, 
periodic  and  turbulent  parts  <x>  sx-sx  phase  average  of  x 
<x’x’>*x'x'+x'x'  phase  aversge  of  x’x' 

An  Afn,  amplitudes  and  phases  of  the 

fundamental  modes  of  x  and  X*^ 

■1  =  A^t  and  a  At^x'x'  relatives  amplitudes 
XaM</t<t  ratio  of  x  measured  in  unsteady  and  steady  flow 
for  the  same  time  mean  inlet  conditions 

INTRODUCTION 

The  sim  of  this  investigation  is  to  determine  to  which 
extend  time  mean  adverse  pressure  gradients  sflect  the 
features  of  unsteady  turbulent  wall  flows.  In  previous 
adverse  pressure  gradient  experiments  (SCHACHGNMANN 
k  ROCKEa  (1976X  OOUSTEDC.  HOUDEVULE  k 
lAVELLE  (1977X  MENENDEZ  k  RAMAPRIAN  (I983X 
SDtPSON,  CHEN  k  SHIVAPRASAD  (1M3X 
BREK'iNTON,  REYNOLDS  A  IAYARAMAN(1990})  only 
a  few  olfferent  cases  could  be  explored  so  that,  despite 
their  interest,  it  is  net  possible  to  infer  some  general 


treitds  in  unsteady  flow  features  from  these  data.  Such  a 
picture  could 

only  emerge  from  a  set  of  data  covering  a  significant 
range  of  the  flow  parameters.The  purpose  of  the  present 
work  is  to  attempt  to  obtain  such  a  general  -although  in 
no  sense  complete-  picture  of  this  flow  famuy.  A  major 
difficulty  for  systematic  measurements  is  the  complexity 
of  these  flows  since,  besides  the  Reynolds  number,  they 
depend  upon  four  additional  parameters,  namely  the 
amplitude  artd  the  frequency  of  the  imposed  oscillations 
(when  the  unsteadiness  is  periodic),  the  pressure  gradient 
and  its  streamwise  variations.  Divergence  angles  6  =2.4* 
and  6*  were  selected  in  order  to  have  a  mild  and  a  steep 
adverse  pressure  gradient,  not  too  steep,  however,  so  as  to 
avoid  separation  in  the  channel. 

APPARATUS 

The  flow  facility  is  the  same  as  the  one  described  in 
TARDU  (1988)  except  for  the  test  section  which  in  the 
present  experiments  wu  diverging.  After  the  Tint  1.6m  of 
the  channel  the  wall  can  be  inclined  with  respect  to  the 
channel  axis.  The  1  m  long  test  section  (•  20  h0)  can  thus 
be  transfoimed  in  a  diffriser  with  a  total  divergence  angle 
that  can  be  set  at  any  value  between  0*  and  40°. 

MEASUREMENT  TECHNIQUES 
The  velocities  were  measured  with  LDA  or  with  hot  film 
probes  (BINDER  et  al  1985).  The  former  wu  used  for 
mean  velocity  meuurements  while  the  latter  were  used  for 
the  detetmitution  of  the  oscillating  flow  chuacteristics 
on  the  channel  axis.  The  wall  shear-streu  wu  measured 
with  flush  mounted  hot-film  gagu  at  four  differem 
stations  along  the  test  section  (see  Table  1). 

The  calibration  procedure  consists  in  determining  the 
relationship  between  the  centreline  velocity  U^  and  the 
wall  shev  streu  x  from  the  meuuremcnt  of  du/9y 
neu  the  wall  with  the  LDA  (Fig  1).  With  the  x  vs.  U^ 
relationship  the  wall  hot  film  gage  (WHFO)  calibration 
ciBve  E  vs.  X  (Fig  2)  hu  then  obtained  (or  E  vs.  U^). 
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Bectute  of  the  low  velocitiet  near  the  well  the  eeniitivily 
of  the  WHFG  ii  poor  eepecially  in  compiriion  to  the 
offset  caused  by  parasitic  non-convective  heat  toeaes.  The 
reproducibility  of  the  measuremenu  is  about  1  7%.  The 
majiimum  enor  on  t  is  estimated  to  be  at  most  13%.  Data 
acquisition  and  phase  sveraging  were  made  on  an  PC 
computer  equipped  anih  an  A/D  board  (12  bit  accuracy). 

EXPERIMENTAL  CONDITIONS 
l.Tbe  steady  flow  condltiona. 

The  time-mean  entrance  condi''ons  for  all  flows 
investigated  were,  g  s  17,3  cm/s  and  Rej,  g  st  8  730. 
The  pressure  gradient  (PGIj^b  was  determined  bom  the 
momentum  balance.  The  values  are  given  in  Table  1  where 
they  are  non-dimetuionaliaed  by  S*  and  (l/2)pl^  and 
multipbed  by  10^.  fhe  valuea  of  (PG)uf  have  simply  been 
computed  by  assuming  dp/dx  »  -  U,  d(ll^dx.  The  real 
pressure  gradient  is  about  three  times  smsUer  than  the 
one  computed  by  assuming  potential  flow  with  uniform 
velocity  profllea  in  the  diverging  channel. 

The  decrease  of  the  biction  coefficient  (multiplied  by  10^ 
in  Tsble  1)  and  mcteaae  of  the  Clauaer  paramnter 
fl=S*/(  (9p/3x)  with  dowiutream  distance  show  that  the 
flow  encounlert  increuing  more  adverse  conditions  and 
approaches  separation. 


Nnm 

«*mm 

6 

P 

Cf 

(I*Cl)oc  (PO)|gg 

SI 

39 

9.04 

627 

3A 

323 

3.7 

33 

S2 

74 

13.1 

8.91 

4.9 

2.80 

6.7 

4.4 

S3 

83 

19.7 

11.3 

6.4 

224 

7.4 

3.0 

S4 

99 

23.6 

13.0 

1Z7 

1.13 

83 

6.0 

TABLE  1  Flow  parameters  0*6*. 


2  •  OKlIlatlog  flow  condltioiis. 

Ciacillalions  with  three  different  amplitudes  sin!  sU 
bequencies  were  imposed  on  the  mean  flow.  The  three 
nominal  amplitudes  at  the  entrance  were :  10, 20  and  40%. 
The  six  forcing  periods  were :  2.7;  4;  8;  16;  32;  60i. 
The  c<HTespjndmg  values  of  the  I,'*'  parameter 
It*  -  (ui/v)  V2v/«  the  entrance  were:  (!.•%  -  7;  9;  13; 
18;  27;  36. 

The  mean  flow  rale  and  hence  the  mean  entrance 
cortditions  to  the  diffuser  were  always  the  same  In 
steady  flow.  The  eccentricity  of  the  driving  mechanism 
of  the  pulsalor  wu  adjusted  so  u  to  produce  either  tlO, 
120  or  140%  ((Sm-lg)  velocity  variations  with  respect  to 
the  mean  in  the  qnasl-staady  regime  ((ayj.)g  » 
nominal  amplitudes  at  diffuser  entrance).  The  actual 
amplitudes  at  the  entrance  dependent  somewhat  upon  the 


forcing  bequency  and  on  the  geometry.  For  a  given 
nominal  amplitude  all  the  geometrical  parameters  were 
kept  constant  and  only  the  bequency  of  oscillation  was 
changed.  This  does  insure  neither  an  invariable  time- 
mean  flow  nor  an  invariable  oKillating  flow  when  the 
bequency  is  changed.  The  changes  in  the  mean  flow  rate 
were,  however,  quite  small  since  the  headloss  through  the 
diffusor  is  small  compared  to  the  total  headloss.  This  way 
of  proceeding  is,  of  course,  not  idetl,  but  for  this  study  it 
seemed  mote  important  u>  cover  a  wide  bequency  range 
than  u>  maintain  the  amplitude  strictly  constant. 

The  amplitude  and  phase  of  u^(u  of  any  other  quantity)  are 
obtairted  bom  Fourier  analysis  of  the  phase  averaged 
velocity  <U(>  (see  TARDU  1988).  "Amplitude”  and 
"phase"  will  hereafter  be  used  to  designate  the  parameters 
of  the  fundamental  mode.  The  actual  amplitudes  are, 
smaller  than  the  nominal  values  which  are  roughly  reduced 
by  the  value  0.73  .. 

RESULTS 

The  results  at  different  stations  are  plotted  versus  the  local 
value  of  I,*  (or  versus  <o*'«l/(l,''0^)  since  it  wu  shown 
in  TARDU  (1988)  that  this  is  the  correct  similuity 
parameter  for  the  near  wall  flows  in  particular  for  t  in  the 
cue  of  pvaltel  wall  channel  flow.  It  is  recalled  that  Ig* 
variu  with  u.^  which  varies  with  X  position. 

1  •  Tlmc-BMB  properties 
TIME-MEAN  WALL  SHEAR-STRESS 
The  ratio  of  t  in  unsteady  flow  with  rupect  to  the  steady 
steady  value  is  plotted  on  Fig.  3.  The  most  striking 
feature  of  there  flguru  is  the  large  increase  of  the  ratio  in 
both  geomaiiu  in  the  high  amplitude  and  high  bequency 
forcing  regime.  In  the  6*  diffuser  the  ratio  reachu  the 
value  two.  Worth  rwting  is  that  the  highut  ratios  tit 
reached  at  the  most  downstream  sution  where  the  prusure 
gradient  is  the  largest.  Thue  results  ue  highlighted  by 
the  fact  that  this  ratio  remains  equal  to  one  in  the  constant 
area  channel .. 

There  is,  of  course,  some  scatter  in  the  data,  but  even  the 
pusimistic  ntimate  of  13%  error  quoted  earlier  can 
certainly  not  account  for  the  meuured  increase  in  t  in  the 
flows  forced  at  40%  in  the  diverging  channels. 
BRERENTON,  REYNOLDS  4t  JAYARAMAN  (1990)  also 
found  an  increase  in  T  in  unsteady  flow.  This  increase  is 
about  8%  in  their  esse  for  an  amplitude  a,^  >•  13%  in  a 
preuure  gradient  equivalent  to  those  in  the  6*  degree 
diffusor. 
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TIME-MEAN  RMS-VALUE  OF  THE  -aJUBULENr  WALL 
SHEAR  STRESS  FLUCTOATTONS 
It  U  rmi  recdled  ihu  the  ratio  itt/t  ,  from 
experimental  data  and  direct  numerical  timulationi,  in 
(leady  nirbuicnl  wall  flowi  it  about  0.36.  It  wu  found  by 
TARDU  (1988)  that  ihia  value  U  not  appreciably  modified 
by  forced  oicillationf  in  chatmel  flow  (i.e.  channel  with 
parallel  walla;  by  “channer  we  ihall  hereafter  mean 
channel  with  parallel  walla)  even  when  their  amplitude 
near  the  wall  ia  to  ltr|e  M  to  produce  periodic  flow 
revertal. 

With  the  reference  level  0.36  drawn  on  the  (raph  of  Fif. 
4,  it  it  immediately  apparent  tlut  the  turbulence  level  of  t 
in  the  edverte  preaaure  gradient  flowt  ia  almott 
ayttematicaliy  larger  than  thit  value.  Turbulence  levela  of 
0.6  which  repreaent  more  than  a  30%  increate  with 
retpect  to  the  atandard  reference  value  are  actually  not 
utKommon  in  thete  flowt. 

Thete  are  not  only  large  increaaet  but  very  high  abaolute 
turbulent  intentitiea.  A  relative  RMS-turbulent  intentity 
of  0.60  impliea  the  exiatence  of  frequent  inatantaneout 
valuer  larger  than  one,  i.e.  of  inatantaneout  flow  reveraal. 
Since  the  hot  film  rectiflet  the  velocity  aignal,  the 
preaent  meaaurementa  are  on  the  conaervative  aide. 

2  •  The  oacillatlng  flow  propertiea. 

THE  THEWALLSHEAR-STTRESSOSaiXATIONS. 

It  wu  thown  that  the  attitude  of  the  viacoua  Stoltet 
tolution  Slokai  “  Ajj/I,  BINDER  et  al 
1983),  wu  a  uacfril  reference  quantity  for  the  amplitude 
the  wall  ahear  itrua  otcilluiona  in  the  channel  flow 
aince  it  dou  involve  the  centreline  amplitude  (in  all 
rigour  thit  thould  be  the  amplitude  at  inflnity)  and  a 
frequency  dependence.  The  tame  acaling  ia  adopted  hue. 
The  mean  curve  from  the  channel  experinienta  ia  the  aolid 
line  drawn  on  Fig.  3.  It  ia  teen  that  in  the  2.4*  diffutor 
(Fig.3  a)  the  vviaiiona  of  the  amplitude  ratio  with  Ig'*'  it 
roughly  the  tame  u  in  the  conatant  area  channel :  at  high 
frequenciea  the  valuea  are  of  order  one  and  at  lower 
frequenciu  the  valuea  increate  with  Ig'*'  due  to  the 
progreuively  Ivger  effect  of  the  turbulence  on  the 
oacilltting  wall  aheu-ttrut.  The  amplitude  ratio  in  thia 
geometry  ia,  however,  ayttematically  luger  than  in  the 
charuiel.  There  ia  no  explanation  for  the  fairly  luge 
tcatter  of  data  pointa  at  the  preaent  time. 

The  amplitude  behaviour  in  6*  diffutor  diaplayad  on 
Fig.3b  contruu  ahtrply  with  that  of  the  previoua  ^ure. 
The  ampliuide  ratioa  ue  almott  ayttematically  tmaller 


than  one,  valuea  of  order  0.8  may  be  explained  by 
dutructive  interference  of  the  ahear  wave  with  the 
ttrongly  damped  wave  reflected  by  the  buffer-layer  where 
the  effective  viacoaity  tuddenly  inaeatet,  but  for  valuea 
of  order  0.2  ,  the  tame  reaaoning  would  require  that  the 
thau  wave  tuffert  nearly  no  damping  which  ia  rather 
unlikely.  Quite  a  different  mechanitm  thould,  therefore, 
be  operating. 

The  increate  of  the  ratio  with  I,'*'  when  Ig'*'  >  13  doea  no 
longer  teem  to  occur.  Thit  atatement  it  only  conditional 
becauae  the  Ig'*'  valuea  in  the  wide  angle  diffutor  are 
tmaller  than  in  the  tmtll  angle  diffutor  owing  to  the 
tmaller  valuea  of  u^.  In  any  cue,  it  ia  cleu  that  under  the 
tame  forcing  conditiont  the  wall  ahear  ttreu  otcillationt 
are  conaidertbly  tmaller  in  ttrong  mean  adverte  pruture 
gradienta  than  in  a  mild  or  favourable  pruture  gradient. 
The  phue  thifl  of  t  with  rupect  to  the  phue  of  the 
centerlme  velocity  ue  thown  on  Fig.  6.  The  full  line  ia 
again  a  tchemtiic  repreaentation  of  the  chaimel  dau.  It  ia 
recalled  that  in  thia  cue  the  phue  ahift  data  ia 
remarkably  well  correlated  by  the  Ig'*’  puameter.  Aa  for 
the  amplitude,  it  ia  teen  that  meuuremenU  from  tht  2.4  * 
diffutor  follow  the  tame  trend  u  thote  from  the  channel 
with  noubly  luger  valuu,  however,  at  high  frequenciu 
and  luger  valuu  at  low  frequenciu  when  Ig'*'  k  20. 

The  Ant  impreuion  from  the  phaae-ahift  retulu  of  the  6  * 
diffutor  (Fig.6b)  it  the  luge  acattu  among  the  data 
pointa.  Thue  we  luge  diffuencet  from  one  atation  to  the 
othn  and  in  tome  inttancu  alto  from  one  frequency  to 
the  next  at  the  tame  atation.  One  part  of  thia  acattu  ia 
cuuinly  due  u>  experimental  uncertainiiu  which  ue 
compounted  by  the  added  effecta  of  two  factora;  flratly  the 
relatively  email  value  of  the  maximum  phate  ahift  of  t 
which  ia  only  1/8  or  1/6  of  the  cycle  and,  aecondly,  the 
tmtll  tmplitudu  of  T  in  thit  geometry  which  alowt  down 
the  autiatical  convergence  of  <t>,  the  much  the  mote  lo 
thu  the  turbulent  intentity  it  high  u  obterved  euUu  . 
Dupile  thete  inegularitiea  it  ia  pouible  to  guut  a 
genual  trand  when  following  the  pointa  corruponding  lo 
the  tame  meuuring  atation  ;  U  email  Ig'*  valuu  the  phate 
ahift  ia  only  about  20  u>  30  *,  it  increuu  with  Ig'*, 
reachu  a  maximum  value  between  43  and  60  *  when  Ig'*  > 
13  lo  23  and  finally  decieatu  to  zero  u  may  be  expected. 
Piom  the  amplitude  u  well  u  the  phate  ahift  data  it  ia 
alto  quite  cleu  Ihu  a  ttrong  advene  preuure  gradient  hu 
a  luge  effect  on  the  oacillating  wall  aheu  ttrett. 
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MODUUHON  OF  THE  TURBULEKT  WALL  SHEAR 
STRESS  FLUCTUATION  ThTTENSITY 
The  modulMion  of  the  phue  tver«|ed  well  iheer 
ilreit  inieneity  it  defined  by  ;  ??  «  <tV>  -  7?  where 
a  <T^  -  (<&)^.  f*t'  ii  tlio  the  reipotM  of  the 
turbulence  to  the  foreinf.  Since  the  turbulent  intentity  ii 
driven  by  the  sheer  vie  the  production  end  since  the  sheer 
sceles  with  well  sheer  stress,  t‘t'  mey  be  considered  u  the 
result  of  the  t-oecilletion.  The  retio  of  reletive  emplitudes 
e^,  /e~  mey  then  be  interpreted  us  the  response  function 
of  the  turbulent  well  sheer  stress  fluctuetions  to  the 
periodic  forcin|.  If  the  system  were  lineet,  this  retio 
would  be  independent  of  farcing  emplitude.  It  should  be 
stressed  thet  this  retio  involves  four  independent 
quen  titles. 

The  resulu  ere  presented  versus  «'*'  on  Fig.  7 

Agein,  the  full  line  is  e  schemetic  indicetion  of  the 

chennel  flow  resulu. 

Two  feetures  ere  immedutely  epperent  on  these  figures. 
Firstly,  the  turbulence  response  in  the  diverging  chennels 
follows  the  seme  trend  u  in  chennel  with  perellel  wells, 
in  perticuler  the  emplitude  retio  /  e^  steru 

decieesing  when  -  0.005  end  steys  et  e  roughly 
constent  low  level.  It  is  elso  confitnied  in  e  veriety  of 
situetiofu  thet  the  turbulence  moduletion  decreeses  with 
increesing  frequency  once  u'^>  -  0.005.  Secondly,  the 
retio  /  Sf*  is  sysiemeticelly  higher  in  the  diverging 
ducu  then  in  the  chennel.  The  increese  of  the  ntrbulence 
response  is  psrticuletly  lerge  in  the  6  *  diffusor,  neerly  e 
fector  two  with  (Sy^  >10%.  It  u  seen  recelled  thet  in  the 
quesi-steedy  lineet  epptoeimetion  limit  (TAROU  1988); 
e^'/e^  2.  It  is  seen  thet  velues  of  this  order  en  reeched 
in  the  6  *  diffusor.  From  the  quesi-steedy  lineer 
epptoeimetion  limit,  seturetion  effecU  heve  to  be 
expected  et  lerge  forcing  emplitudes,  so  thet  /  eij^ 
ceiuut  remein  independent  of  emplitude  under  these 
conditions. 

It  is  not  sure  thet  the  retio  /  qp  is  the  best  wey  to 
account  for  the  effect  of  the  chennel  divergence  on  the 
turbulence  moduletion  since  iu  verietioru  incorporete 
those  of  qp  It  hes,  in  perticuler,  been  observed  in  the 
previous  section  thet  the  sheer  stress  osciiletion  is 
considereUy  reduced  in  the  strong  edverse  pressure 
gradienL  The  increese  in  qp^,  /  qp  in  the  diffusors  es 
compered  to  the  velues  in  the  chennel  ere,  therefore,  et 
leut  pertly,  if  not  essentielly,  due  to  the  chenges  in  the 
sheer  stress  oscilletions. 

In  order  to  give  emther  view  of  the  moduletion  of  the 


turbulent  sheer  streu  fluctuetions,  the  dete  hu  been 
reploted  on  Fig.  8  by  normeluing  qp^.  with  the  locel 
centerline  velocity  emplitude  e^  .  In  older  to  heve  e 
feeling  for  the  velues  of  the  retio  ep^,  /  e^,  it  should  be 
rsmsmberad  that  in  the  quesi-steedy  smell  emplitude  limit 
in  chennel  flow  the  value  should  be  7/2  .  Values  around  4 
ere,  therefore,  “normel"  in  the  case  of  smell  emplitude 
forcing.  The  lerge  scatter  among  the  date  poinu  of  Fig.8b 
makes  it  difficult  to  drew  any  deflnite  conclusions. 

The  decrease  of  qpp  /  sq^  with  increuing  frequency  is 
deer  for  the  2.4  *  diffusor  flows  but  not  for  the  6  *  diffusor 
flows  because  of  the  scatter  especially  et  the  high  forcing 
frequencies.  One  does,  however,  observe  many  values  of 
this  ratio  around  4  or  above  -  even  u  lerge  es  6  -  which 
reveal  quite  strong  modulations  of  the  turbulence.  Such 
lerge  values  in  the  case  of  40%  amplitude  forcing  ere 
absurd.  Indeed  it  strictly  positive  so  that  ap^,  S  1 . 
How  is  then  qp'.  /  a{2  2  4  pouible  when  (e^;^  •  0.4  7 
The  answer  lies  in  the  feet  that  the  locel  a^^  can  be 
appreciably  smaller  then  (a^j^.  Some  particularly  large 
values  of  qp{,  /  e^  mey,  of  course,  be  due  to 
underevaluetions  of  the  centerline  amplitude. 

CONCLUSION 

From  the  meesuremente  of  the  wall  sheer  stress  in 
unsteady  turbulent  flows  in  diverging  chennels,  it  may  be 
concluded  thet  imposed  oscilletions ; 
modify  the  mean  flow  at  the  wall  to  considerable  extend 
if  their  amplitude  is  large  and  their  frequency  is  high ; 

•  increese  the  time  mean  turbulent  mtensity  by  u  much  u 
50%; 

-  produce  smeller  sheer  stress  oscilletions  then  in 
chennels  with  parallel  wells  when  the  adverse  pressure 
gradient  is  sleep  and  modify  their  phase  shift ; 

-  produce  larger  modulations  of  the  turbulent  shear  sness 
fluctuations  with  respect  to  the  centerline  velocity 
oscilletions. 

These  effects  ere,  in  general,  more  important  when  the 
adverse  pressure  gradiem  is  sleeper.  Since  en  increase  in 
the  well  sheer  stress  and  in  the  turbulent  intensity  delay 
separation,  these  conclusions  ere  in  agreement  with  the 
observations  of  airfoil  stall  retardation  by  imposed 
unsteadiness. 
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Figure  3;  Ratio  of  unaleady/iteady  time-mean  wall  ahear 
atraaa  va  1/.  (a£)o-40%.  (a)  C-2.4*  and  (b)  e-°6* 
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Fifur«  I:'  Yelocicy  profUes  netr  Uw  wall  in  ittedy  How 
(atalion  4).(a5j£\,  -  40%  and  0-6*.  •.-*■•«>><  ve 
majtimun,  mean  and  minimum  velocity. 
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Figure  4;  Time  mean  turbulent  inieniity  of  wall  ahear 
atreaa  va  1,'*'. 

(a)  (aj^-m  e=2.4*  (b)  (aa£)„=40%  8=6*. 


Figure  2:Shear  velocity  va  centerline  velocity  0  •  6*.. 
■f=  aution  1;  x  »  atation  2;  k=  atation  3;  O  •  atalion  4 


- 


Figure  3:  Amplitude  of  the  welt  sheer-tireu  with  respect 
to  the  Stokes  vslue 

(«)  (SSc)0=10»  e=2.4<'  (b)  (t^)Q=40%  0=6". 


Figure  7  Relstive  smplitude  of  the  modulstion  of  the 
turbulent  fluctustion  intensity  referred  to  the  relstive 
smplitude  of  velocity  oicillstion  in  the  centerline  vs. 

(s)  s{;i=10%  end  e=2.4'>  (b)  (s{2)o=40%  e=6* 


Figure  6;Pluse  shift  of  wtll  shesr-itress  oscillsUons  with 
respect  to  the  centerline  velocity  oscillstion 
(•X^2\|=10*  0=2.4'(bXs(j£l^)-4l)%  0=6* 
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Figure  8:  Relstive  amplitude  of  turbulent  wall  shear  stress 
fluctuation  modulations  refered  to  relative  amplitude  of 
velocity  oscillation  in  the  centerline  vs  to''' 

(a)  ajjj^lOSt  and  0=2,4‘  (b)  (sj2)j,=40%  6=6“ 
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ABSTRACT 

The  effects  of  high  frequency  organised  unsteadiness  on  wail* 
bounded  turbulence  have  been  studied  experimentallv  at  higher 
frequencies  than  have  been  achieved  in  previous  investigations  A 
detailed  examination  was  made  of  the  contention  that  nondinear 
resonant  interactions  might  be  found  if  oscillation  were  induced 
at  a  frequency  characteristic  of  turbulence  in  the  parent  bound¬ 
ary  layer  It  was  found  that  the  response  of  turbulence  to  forced 
unsteadiness  around  and  above  the  burst  frequency  constituted  a 
monotonic  approach  to  a  “froxen  state  *  No  resonant  behavor  was 
detected  However,  when  the  period  of  forced  oscillation  reached 
a  timescale  characteristic  of  the  lifetime  of  a  low-speed  streak  in 
the  sublayer,  the  streaks  underwent  spatial  organisation  with  a 
significant  reduction  in  their  spanwise  meandering  motion  This 
effect  18  a  minor  one  and  does  not  appear  to  be  a  precursor  to  any 
resonant  behavior 

INTRODUCTION 

While  unsteady  turbulent  flows  are  of  prime  importance  in  large 
numbers  of  engineering  systems,  in  which  unsteady  forcing  covers 
a  broad  range  of  frequencies,  studies  of  their  response  to  organized 
unsteadiness  have  focused  predominantly  on  low-frequency  effects, 
where  information  is  accessible  with  relative  ease  The  purpose  of 
this  study  18  to  carry  out  a  detailed  investigation  of  the  response 
of  wall-bounded  turbulence  to  forced  oscillation  at  high  frequen¬ 
cies,  superposed  upon  a  mean  flow,  in  order  to  address  the  usue 
of  whether  forced  oscillation  around  the  burst  frequency  in  the 
parent  boundary  layer  can  cause  interaction  with  the  turbulence 
producing  motions  of  the  mean  Bow. 

The  motivation  for  this  study  is  that  it  has  long  been  speculated 
that  non-lmear  resonant  interactions  might  be  found  if  oscillation 
were  induced  at  a  frequency  characteristic  of  turbulence  in  the 
parent  boundary  layer  While  a  number  of  investigators  have  re¬ 
ported  measurements  in  the  neighbourhood  of  the  burst  frequency 
in  unsteady  flow  experiments,  they  have,  in  almost  all  cases,  been 
restricted  to  a  single  data  set  at  a  fiequency  thought  to  be  com¬ 
parable  to  the  burst  frequency  —  usually  the  highest  attainable 
in  the  particular  apparatus  A  survey  of  the  relevant  literature 
reveals  differing  opinions  on  whether  such  any  interaction  takes 
place  The  pipe-flow  experiments  of  Ramaprian  U  l\i  (1983)  re¬ 
vealed  an  orderly  decrease  in  amplitude  of  phase-dependent  turbu¬ 
lence  intensity  with  mcreasing  frequency,  towards  a  *frozen”  state, 
as  did  the  channel  flow  experiments  of  Binder  k,  Kueny  (1981)  In 


the  adverse  pressure  gradient  boundary-layer  experiments  of  Bre¬ 
reton  et  al  (1990,  1991),  when  the  frequency  of  forced  oscillation 
was  of  the  order  of  the  burst  frequency,  phase-conditioned  turbu¬ 
lent  motions  tended  towards  a  "frozen*  state  everywhere  except 
in  the  region  of  peak  pioduction  of  the  parent  boundary  layer 
(y'*'  ^  11,  at  Re0  =:  3200),  where  a  small  (irst-harmonic  oscillation 
in  (u'u'}  could  still  be  detected  (where  (  )  represents  the  phase  av¬ 
erage  and  tt'  the  turbulent  component  of  streamwise  velocity)  It 
was  not  clear  if  this  peak  would  duappear  at  higher  frequencies  of 
oscillation.  No  modification  of  profiles  of  mean  velocity  or  of  time- 
averaged  components  of  the  i^-ynolds-stress  tensor  was  observed. 
The  coDclurioDS  of  this  study  were  that  all  periodic  production  of 
turbulence  was  primarily  a  modulation  of  the  robust  turbulence 
producing  motions  of  the  parent  (mean)  boundary  layer,  and  that 
any  reeonant  interaction  might  only  come  about  if  both  spatial 
and  temporal  control  of  the  turbulence  producing  motiooe  could 
be  achieved  The  conclusion  that  there  is  no  noticeable  interaction 
over  other  ranges  of  frequency  has  been  supported  by  a  number  of 
other  studies  m  other  unsteady  turbulent  boundary-layer,  channel, 
and  pipe  flows  when  the  frequency  of  forced  oscillation  apr  roaches 
the  estimated  burst  frequency  (Shemer  el  o/  (1985),  (Cousteix  k 
Houdeville  1983))  At  frequencies  of  forced  unsteadiness  very  much 
higher  than  characteristic  turbulence  frequencies,  the  observation 
of  a  smooth  approach  to  a  "frozen”  state  has  been  supported  by 
the  experiments  of  Brown  el  ol  (1969)  —  m  these  experiments 
phase-conditioned  friction  factor  measurements  exhibited  m  quasi- 
laminar  dependence  on  frequency,  and  turbulence  was  reported  as 
“frozen 

Amongst  the  numerous  observations  of  comparability  between 
steady  and  mean  unsteady  effects,  several  contradictory  findings 
have  been  reported  at  high  frequencies  of  forced  unsteadiness 
Amonpt  the  first  to  look  at  the  detailed  structure  of  unsteady  tur¬ 
bulent  pipe  flow  were  Misushina  el  e/  (1973, 1975),  who  inferred 
that  significant  changes  in  turbulence  structure  occur  when  the  fre¬ 
quency  of  oscillation  reached  a  critical  frequency  which  Ktled  with 
estimates  of  the  burst  frequency  While  the  trustworthiness  of  their 
data  has  been  the  subject  of  some  criticism  (Tirdu  el  ol ,  1987), 
their  findings  have  still  to  be  contradicted  by  a  comparable  study 
Ramaprian  k  111  (1983)  studied  oscillatory  fully-developed  pipe 
flow  at  different  frequencies  of  forced  unsteadiness  and  reported 
slight  diffsrence  in  profiles  of  mean  quantities  for  oscillation  close 
to  the  burst  frequency,  attributing  these  effects  to  non-linear  inter¬ 
actions  caused  by  the  impoeed  oscillatory  flow  More  recently,  Mao 
k  Hanratty  (1986)  measured  the  wall  shear  in  oscillatory  pipe  flow, 
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at  frequencies  which  appeared  to  be  as  high  as  the  mean*flow  burst 
frequency  They  noted  that  the  phase-conditioned  turbulence  in¬ 
tensity  in  wall  shear  constituted  a  distinctly  non-lmear  response 
to  a  harmonic  phase-conditioned  wall  shear  stress,  which  they  at¬ 
tributed  to  an  unexplained  interaction  between  organized  flow  os¬ 
cillation  and  turbulence  close  to  the  wall  Abrams  ic  Hanratty 
(1985)  also  noted  similarities  between  flows  with  forced  spatial 
variation  and  those  subjected  to  forced  temporal  variation  In  their 
studies  of  flow  over  a  wavy  wall,  they  observed  relaxation  effects  in 
the  phase  of  the  response  of  turbulence  to  a  wavy  surface  of  short 
wavelength,  consistent  with  non-linear  behavior  observed  in  their 
high-frequency  smooth-wall  pipe-flow  results  (Mao  ic  Hanratty, 
i986)  In  the  channel-flow  study  of  Acharya  Reynolds  (1975), 
the  response  of  a  fully-developed  turbulent  channel  flow  to  forced 
oscillation  was  compared  at  a  low  frequency  and  at  a  frequency  of 
the  order  of  the  burst  frequency  Although  their  correlation  tech¬ 
nique  allowed  measurement  only  of  the  flrst-harmonic  response, 
some  of  the  discrepancies  between  data  at  the  two  frequencies  were 
attributed  to  interaction  with  the  turbulence-producing  motions 
More  recently,  Tardu  it.  Binder  (1987,  1989)  have  considered  aa* 
pects  of  turbulence  structure  in  these  flows  Using  conditional 
sampling  techniques  to  monitor  bursting  activity,  they  observed 
a  strong  modulation  of  bursting  frequency  during  each  oscillation 
and  identifled  differences  in  educed  bursting  characteristics  when 
the  oscillation  frequency  approached  the  burst  frequency  Their  re¬ 
sults  showed  that  one  effect  of  imposed  oscillation  at  a  frequency 
of  the  order  of  the  burst  frequency  was  to  decrease  the  average 
ejection  frequency,  while  maintaining  the  same  burst  frequency. 
Moreover,,  bursts  which  result  m  multiple  ejections,  and  bursts 
which  produce  tingle  ejections  appeared  to  react  differently  to  im¬ 
posed  oecillation,  leading  to  the  notion  that,  in  unsteady  flow,  each 
might  be  governed  by  somewhat  different  mechanisms. 

In  summary,  there  are  a  number  of  different  experiments,  con¬ 
ducted  in  different  flows,  from  which  contradictory  conclusions 
have  been  drawn  concerning  the  interaction  between  turbulence 
and  forced  oeciUatory  motion  in  the  neighborhood  of  the  burst 
frequency  of  the  mean  flow.  The  objective  of  this  study  was  to 
conduct  a  systematic  study  of  effects  of  forced  oecillation  on  wall- 
bounded  turbulence,  over  a  wide  range  of  frequencies  which  would 
exceed  by  an  order  of  magnitude  the  mean-flow  burst  frequency 
A  turbulent  pipe  flow  is  a  good  candidate  for  a  study  of  this  kind 
because  the  compact  geometry  of  this  flow  translates  to  lower  me¬ 
chanical  power  requirements  for  forced  oscillation  at  high  frequen¬ 
cies  than  its  channel-flow  or  boundary-layer  counterparts  The 
parameter  space  of  the  study  (Reynolds  number  vs.  mean  flow 
burst  frequency  (as  sstimated  by  the  correlation  of  Luchik  it  Tie- 
derman  (1967))  is  shown  in  Fig  1,  together  with  the  parameter 
space  covered  by  other  pertinent  pipe-flow  studies 

EXPERIMENTAL  APPARATUS 

The  test  facility  comprised  a  standard  recirculating  water  loop 
with  a  constant-head  tank,  sump,  pump,  and  a  test  section  of 
translucent  pipe  (S7nun  in  dismeter,  160  diameters  long,  assuring 
fully-developed  flow  over  most  of  the  test  section)  The  final  stage 
of  the  lest  secUuii  was  of  Uuuae,  and  flow  control  was  achieved  by 
motoring  a  profiled  sleeve  around  a  longitudinal  slot  milled  m  the 


bronze  pipe  section  Rotational  position  and  speed  of  the  profiled 
sleeve  were  controlled  by  a  DC  motor  and  amplifier  with  position 
feedback,  which  operated  under  the  control  of  a  laboratory  com¬ 
puter  The  average  area  presented  for  outflow  from  the  test  section 
to  the  sump  resulted  m  a  mean  flow  Reynolds  number  (referenced 
to  centerline  velocity  and  pipe  diameter)  of  11,700,  corresponding 
to  a  burst  frequency  of  about  1  7  Hz  (according  to  the  correlation  of 
Luchik  ^  Tiederman  (1987),  and  consistent  with  hydrogen-bubble 
visualization  and  VITA  measurements).  Forced  oscillation  at  up 
to  10  Hz  could  be  achieved  m  this  apparatus,  with  temporal  vari¬ 
ation  of  phase-averaged  velocity  always  a  good  representation  of 
a  sine  wave  The  amphtude  of  flow  oscillation  decreased  with  in¬ 
creasing  frequency,  consistent  with  the  impedance  characterization 
of  the  pipe  by  Shemer  et  al  (1985).  In  these  experiments  the  am¬ 
phtude  of  oscillation  at  the  pipe  centerline  varied  between  19%  of 
the  mean  centerline  velocity  at  0.25  Hz  and  12%  at  3  0  Hz 

Phase-conditioned  and  time  senes  measurements  of  streamwise 
velocity  were  made  using  a  laser-DoppIer  anemometer  with  fre¬ 
quency  shifting  and  a  counter,  which  was  interfaced  with  a  labo¬ 
ratory  computer  to  allow  phase-resolved  measurements  of  the  in¬ 
stantaneous  velocity  of  the  flew  Since  highly  repeatable  periodic 
motion  could  be  imposed  by  the  flow-control  apparatus,  a  phase- 
averaging  procedure  was  adopted  for  decomposition  of  flow  vari¬ 
ables  into  mean,  oaciDatory  and  turbulent  components  All  mea¬ 
surements  were  averaged  over  at  least  1000  ensembles  Statistical 
convergence  m  data  was  assumed  to  have  been  reached  when  the 
fractional  tolerance  (a  measure  of  differences  in  (u’u’)  over  the  first 
and  second  halves  of  the  data  set,  normalized  by  the  rms  level  in 
(u'tt'))  reached  0  1%  For  oscillation  at  8  0  Hz,  the  typical  number 
of  cycles  required  to  satisfy  this  tolerance  was  around  5000. 

The  relatively  low  Reynolds  number  of  the  flow  allowed  the  use 
of  hydrogeu-bubble  visualization  to  study  timehnes  and  streak- 
lines  of  the  unsteady  flow,  m  the  manner  outlined  by  Schraub  et 
al  (1965).  In  order  to  view  timelines  initiated  a  constant  distance 
from  the  wall,  a  very  thin  flat  strip  was  mserted  at  the  surface, 
at  the  observation  station  in  the  manner  described  by  Acbia  it 
Tbomoson  (1977)  Visual  information  wss  recorded  using  either 
phase-conditioned  photography  or  a  high  speed  video  camera  (Ko¬ 
dak  Ektapro  Motion  Analyzer). 

EXPERIMENTAL  RESULTS 

Measurements  of  the  time-averaged  values  of  mean  velocity  ({/) 
and  mean  square  of  turbulence  u'u'  acroas  a  radius  of  the  pipe  were 
in  good  agreement  with  reference  steady-flow  data  and  showed  no 
variation  with  frequency,  even  when  oscillation  was  forced  at  aix 
tunes  the  estimated  burst  frequency  of  the  mean  flow  These  re¬ 
sults  are  well  established  and  consistent  with  those  of  nearly  every 
unsteady  flow  experiment  and  so  are  not  shown  here.  Of  more 
interest  were  power  spectra  of  u',^  as  deduced  from  time  series 
measurements  from  which  the  phase-averaged  velocity  had  oeen 
subtracted  These  power  soectra  are  shown  in  Fig  2,  for  forced 
oscillation  at  frequencies  as  high  as  8  Hi,  measured  at  15  — 
close  to  the  position  of  peak  production  of  turbulence  in  the  parent 
boundary  layer  Whilr^  there  is  considerable  low-frequency  noise  in 
these  data,  caused  by  the  diffenng  lengths  of  time  series  processed 
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and  the  variance  of  the  FFT  as  a  power-spectral  estimator,  the 
general  trend  is  one  of  qualitative  agreement  There  is  no  convinc¬ 
ing  evidence  of  any  re-arrangement  of  the  spectral  content  of  the 
flow,  reinforcing  the  notion  of  invariance  of  all  scales  of  motion  of 
the  parent  boundary  layer  to  forced  sinusoidal  oscillation 

The  high-frequency  response  of  the  organised  component  of 
streamwise  velocity  is  illustrated  in  Fig  3,  in  which  the  amplitude 
of  (u)  at  its  first  harmonic  is  plotted  in  the  near-wall  region  For 
frequencies  above  1  Hs,  these  profiles  are  m  good  agreement  with 
the  asymptotic  high-frequency  (Stokes)  solution  to  the  streamwise 
momentum  equation  in  the  oscillatory  field  of  flow.  They  also  il¬ 
lustrate  clearly  that,  at  these  frequencies,  all  oscillatory  shear  is 
confined  tc  a  very  thin  region  within  the  viscous  sublayer  and  so 
IS  unlikely  to  provide  direct  interaction  with  the  turbulence  pro- 
ducmg  motions  of  the  parent  boundary  layer 

The  first  harmonic  response  of  the  streamwise  component  of 
turbulence  is  shown  in  Fig  4,  normalised  by  u,,  the  friction  veloc¬ 
ity  of  the  mean  flow  In  this  figure,  the  amplitude  of  the  square 
root  of  thi  oaciilatory  component  of  (u'u')  is  plotted  —  the  square 
root  represents  a  more  robust  statistical  measure  which  is  less  sen¬ 
sitive  to  false  measurements  than  the  phase  average  of  the  square 
of  u'  (though  It  IS  more  indirect  In  relevance  to  decomposed  forms 
of  the  Navier-Stokes  equations).  It  it  clear  from  this  figure  that  the 
trend  is  a  moootonic  one  towards  "frozen”  turbulence  with  increas¬ 
ing  frequency,  with  the  peak  in  the  turbulence  response  ccuncident 
with  the  peak  of  turbulence  production  m  the  parent  boundary 
layer  (y'*'  11).  It  is  worth  pointing  out  that  the  amplitudes 

of  the  phase-conditioned  turbulence  response  are  extremely  small. 
Therefore  they  are  very  sensitive  to  minor  cycle-to-cycle  variations 
in  the  organized  forcing,  which  are  interpreted  as  turbulence  by  the 
phase-average  decompoeition  We  were  initially  misled  by  such  or¬ 
ganized  variation  (m  the  form  of  a  noisy  signal  from  a  position 
encoder,  which  produced  the  effect  of  an  occasional  phase  shift  m 
(u))  which  manifested  itself  as  a  second-harmonic  response  when 
it  exceeded  m  amplitude  the  true  turbulence  response  However, 
once  this  problem  was  resolved,  second  harmonic  motion  was  al¬ 
ways  an  order  of  magnitude  smaller  than  that  at  the  fundamental 
frequency 

The  phase  dependence  of  the  deviation  of  (u'u')  from  its  mean  is 
shown  in  Fig  5  for  three  selected  frequencies,  measured  at  y*  —  12 
The  attenuation  of  phase-dependent  vanation  m  turbulent  inten¬ 
sity  with  mcreasing  frequency  may  be  seen  plainly,  together  with 
the  obvious  variance  from  a  sinusoidal  response  For  the  phase  av¬ 
erage  of  u'u'  measured  at  2  0  Hz,  a  Fourier  decompontion  still  re¬ 
veals  a  dominant  first-hannonio  response  The  similarity  between 
these  data  and  the  equivalent  measures  of  turbulence  in  wall  shear 
strea  (Mao  Sc  Hanratty  (1986))  prompted  a  more  thorough  ex- 
anunation  of  whether  the  variance  of  these  data  from  a  sinusoidal 
response  was  due  to  an  inability  to  diitinguuh  between  harmomc 
components  and  background  noise,  or  whether  it  did  indeed  repre¬ 
sent  the  growing  importance  of  higher  harmonics  with  increasing 
frequencies 

This  issue  Mr  as  exaiiuited  by  estuiialing  the  power  spectrum  of 
the  square  of  u'  (and  thus  organization  in  niagnitude  of  u')  from 
a  time  senes  of  u(t)  from  which  the  phase-averaged  velocity  (u) 


had  been  subtracted  Spectra  of  the  square  of  u'  are  shown  m 
Fig  6  for  time  senes  measured  at  y*^  =  12,  with  oscillation  at 
0  5  Hz  and  2  0  Hz  Prom  the  high-frequency  content  of  the  spec¬ 
tra,  It  appears  that  there  is  no  obvious  broadening  due  to  instru¬ 
mentation  noise  for  the  case  of  forced  oscillation  at  2  Hz,  even 
though  the  signal  level  (shown  in  Pig  5  is  significantly  lower) 
The  spectra  reveal  enhanced  organization  m  magnitude  of  u'  at 
the  fundamental  and  second-harmoni ..  and  hint  at  the  possibility  of 
weak  peaks  appearmg  at  higher  harmonics  The  second  harmonic 
arises  through  the  non-Imear  character  of  the  periodic  Reynolds- 
stresa  equations  in  coupling  first  harmonic  shear  ((du/dy))  and 
first  harmonic  Reynolds  strew  ({u'e'))  to  yield  a  second-harmonic 
production  term  for  (u'u').  Through  the  same  coupling,  multiple 
higher  harmonics  m  (u'u')  may  be  generated  m  this  kind  of  flow 
However,  it  appears  that  the  energy  m  (u'u')  is  only  transferred 
from  the  fundamei.tsl  to  higher  harmonics  when  the  period  of  os¬ 
cillation  approaches  a  characteristic  tune  scale  of  the  parent  flow 
(burst  frequency,  large-eddy  turn-over  time,  etc.). 

The  maication  from  these  results  is  that  variance  about  the  si¬ 
nusoidal  response  shown  m  Fig.  5  is  turbulence  at  higher  harmon¬ 
ics  and  not  noise  Thus  the  proportional  role  of  higher  harmonics 
grows  as  turbulence  approaches  a  "ftozen”  state,  though  it  is  not 
clear  that  higher  harmonics  supercede  the  first  harmonic  response 
m  importance. 

The  coincident  in  position  between  peaks  m  amplitudes  of  pe¬ 
riodic  measures  of  turbulence  and  turbulence  production  in  the 
parent  boundary  layer  reinforces  the  contention  that  the  former  is 
predominantly  a  modulation  of  the  latter  Thus  it  is  informative 
to  examine  statistical  features  descriptive  of  turbulence  produc¬ 
ing  motions  in  this  region  In  Fig  7,  conditional  averages  from 
tune  senes  of  the  *  ^ulent  component  of  streamwise  velocity  are 
presented,  as  deduced  by  a  positive-slope  VITA  technique  These 
conditional  averages  span  a  range  of  frequencies  of  oscillation  from 
steady  flow  to  2  Hz  The  general  trend  m  these  results  appears  to 
be  one  of  qualitative  agreement  at  all  frequencies,  with  no  dramatic 
dependence  on  frequency  There  are,  however,  subtle  variations 
which  may  be  indicative  of  structural  change  in  the  motions  which 
are  identified  by  this  particular  statistical  technique  This  notion 
appears  to  Support  the  more  detailed  investigations  into  identifica¬ 
tion  of  structural  information  in  unsteady  turbulent  flow,  carried 
out  by  Tardu  tt  al  (1989)  which  cbaractenzed  subtle  changes  in 
statistical  measures  of  this  kind  with  frequency  variition. 

Further  information  on  possible  modifications  of  the  structure 
of  the  near-surface  turbulence  field  wu  sought  using  hydrogen  bub¬ 
ble  visualization  A  high-speed  video  camera  was  focused  on  the 
flowfield  downstream  of  a  platinum  wire  positioned  at  y*^  s:  15  and 
the  evolution  of  timelines  during  unsteady  oscillation  was  recorded 
Video  footage  demonstrated  clearly  that  streak  initiation  (and  the 
peak  level  m  u'u')  becomes  organized  in  time  by  the  superposed 
oscillation,  favemng  the  be^inniDg  of  the  deceleration  phase  when 
the  flow  IS  most  susceptible  to  the  as-yet-unidentified  destabihzv 
tion  effect  which  drive#  the  bursting  phenomenon.  This  result  was 
ronsiirt-ent  with  meaaiirements  of  the  phase  of  (u'u')  relative  to 
that  of  the  oscillatory  forcing,  and  in  agreement  with  similar  mea¬ 
surements  made  by  IWdu  et  d.  (1987).  As  the  period  of  forced 
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oscillation  was  decreased,  the  streak  signature  (indicative  of  fea> 
tures  of  the  robust  turbulence  producing  motions  of  the  mean  flow) 
began  to  survive  whole  periods  of  oecUlation  Moreover,  the  dying 
signature  of  a  streak  generated  during  the  deceleration  phase  of  the 
previous  unsteady  cycle  appeared  to  mark  the  position  upstream 
of  which  new  streaks  were  most  likely  to  appear  during  the  next 
deceleration  phase  of  the  unsteady  cycle. 

Selected  frames  from  these  recordings  are  shown  m  Figs  S,  9 
and  10  for  the  cases  of  steady  flow,  low-frequency  unsteady  flow  (at 
one  seventh  of  the  mean-flow  burst  frequency)  and  high  frequency 
unsteady  flow  (at  a  frequency  approximately  equal  to  three  times 
the  mean  flow  buret  frequency)  In  the  steady  flow  sequence,  at¬ 
tention  IS  drawn  to  the  apparently  random  appearance  of  a  new 
streak  (at  the  bottom  of  the  frame)  below  the  existing  one  (near 
the  top  of  the  frame),  as  it  twists  and  loses  its  coherence  For  the 
sequence  at  low-frequency  unsteadiness,  the  streak  (towards  the 
top  of  the  frame)  forms  durir'  ♦‘’e  deceleration  phase  and  main¬ 
tains  it  characteristic  “V"  signature  as  it  meanders  before  being 
swept  downstream  during  the  acceleration  phase  of  the  unsteady 
cycle  (during  which  the  final  frame  wu  taken) 

In  the  high-frequency  case,  the  sequence  of  images  spans  a  com¬ 
plete  penod,  beginning  with  a  well-established  region  of  low-speed 
flow  in  the  center  of  the  frame  As  this  region  is  swept  downstreMn 
during  the  acceleration  phase,  the  characteristic  "V"  signature  of 
a  newly  initiated  streak  begins  to  form  in  the  wake  of  the  previous 
one  The  “V"  signature  continues  to  develop  during  the  decelera¬ 
tion  phase,  eatablishing  a  new  broad  region  of  low-speed  fluid  The 
subsequent  convecUon  downstream  dunng  the  acceleration  phase 
then  precedes  the  initiation  of  a  new  streak  in  its  wake  until,  even¬ 
tually,  spanwise  meandering  breaks  this  pattern 

These  visualisations  were  quite  repeatable  at  frequencies  at  and 
above  the  burst  frequency,  when  viewed  as  a  continuous  video  se¬ 
quence.  A  second  observation  from  these  recordings  was  that  span- 
wise  meandering  of  streak  signatures  was  reduced  when  organized 
oscillation  was  imposed  Thus  high-frequency  forced  unsteadiness 
appears  to  play  the  role  of  stabilising  the  location  at  which  the  tur¬ 
bulence  producing  motions  (as  marked  by  accompanying  streak 
patterns)  are  generated  close  to  the  wall  The  comparison  with 
the  almost  random  localization  of  streaks  in  steady  flow  is  quite 
dramatic  and  might  be  exploited  if  spatio-temporal  flow-control 
techniques  were  to  be  targeted  at  stabilizing  the  turbulence  pro¬ 
ducing  motions  of  the  boundary  layer.  It  would  seem  that  plausible 
explanations  for  this  observation  should  be  linked  with  the  elusive 
instability  which  drives  bursting  motion,  or  with  feedback  from  the 
outer  flow  of  the  organized  oacillatory  pressure  field,  which  would 
overwhelm  the  turbulent  pressure  fluctuations  wLkh  act  m  steady 
flow  However,  exploration  of  these  issues  remains  a  topic  of  future 
research 

DISCUSSION  AND  CONCLUSIONS 

The  effect  of  high-frequency  oscillation  on  wall-bounded  turbu¬ 
lence  appears  to  be  predomjiantly  one  of  reducing  the  response 
time  afforded  to  the  turbulence-producing  motions  of  the  mean 
flow  to  adapt  to  momentary  changes  in  the  bulk  flvw.  Phase- 
conditioned  production  is  thus  weaker  and  loses  lU  coherence  after 


outward  diffusion  over  shorter  distances,  as  frequency  of  oscillation 
increases  A  monotonic  approach  to  “frozen”  turbulence  follows, 
characterized  by  a  proportionally  greater  energy  content  in  higher 
harmonics.  It  does  not  seem  to  matter  whether  the  characteristic 
turbulence  time  scale  is  gauged  as  a  reciprocal  burst  frequency,  a 
Isrge-eddy  turnover  time  scale,  a  streak  lifetime,  ')r  a  turbulent 
kinetic  energy/dissipation  rate  ratio,  as  these  arc  all  character¬ 
izations  of  the  robust  turbulence  producing  motions  of  the  par¬ 
ent  boundary  layer  and  are  all  of  the  same  order  in  a  given  low 
Reynolds  number  experiment  in  wsU  bounded  turbulent  flow 
While  it  appears  that  temporal  forcing  can  impose  weak  organi¬ 
zation  on  some  aspects  of  turbulent  motion,  there  is  no  evidence  of 
a.'y  resonance  or  strong  interaction  with  the  turbulence-producing 
^  jtions  of  the  parent  boundary  layer  The  spatial  disorganization 
of  these  motions  prohibits  such  simple  interference  The  weak  in¬ 
terference  which  18  achieved  by  temporal  forcing  arises  when  the 
time  scale  of  forced  oscillation  approaches  that  of  the  response 
of  turbulence,  and  promr  tea  subtle  organizational  effects  in  the 
localization  of  turbulence-producing  motions  These  effects  are  es¬ 
sentially  cosmetic  changes  to  the  signature  of  an  active  motion  and 
appear  to  have  no  effect  on  u'u' 
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Fig  2  Power  spectra  of  u'  at  y*  =  15  for  steady  and  decom¬ 
posed  unsteady  turbulent  flow  The  burst  frequency  of  the  parent 
boundary  layer  is  about  1  4  Hz 
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Fig.  1  Oscillation  frequency  vs.  Reynolds  number  parameter  space 
for  unsteady  turbulent  pipe  flow  experiments 


Fig  3  Amplitude  of  the  first  harmonic  response  of  (u),  normalized 
by  the  centerline  amplitude 
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Fig.  4.  Amplitude  of  the  first  harmonic  response  of  (u'),  normal¬ 
ized  by  Uv 
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Fjg  5  Dependence  of  (u’u')  with  phase,  at  y'*’  =  !2 


Fig  7  VITA  poaitive-slope  conditional  averages  for  forced  oscil* 
lation  over  a  range  of  frequencies,  at  y'*‘  -is  15  The  abscissa  w  in 
VISCOUS  time  units 


Fig  6  Spectrum  of  the  squve  of  u'  at  y*  12  for  oeciHation 
at  0  5  Hi  and  2  0  Hz,  representing  the  frequency  dependence  of 
organization  in  magnitude  of  u' 


Fig  8  The  decay  of  one  streak  and  the  disorganized  initiation  of  another,  in  steady  flow. 
The  time  sequence  it  from  left  to  right. 


Fig  9  The  deceleration^phase  growth  and  acceleration'phase  downstream  convection  of  a  streak, 
.n  low-frequency  unsteady  flow 


Fig  10  The  downstream  convection  of  one  streak  and  the  subsequent  initiation  of  a  new  one  in 
its  wake,  in  high-frequency  unsteady  flow. 


n-3-6 


EIC.IITt:  SYMPOSIUM  ON 
TURBUIXNT  SHEAR  FLOWS 
Technical  University  of  Munich 
September  9-11,  1991 


11-4 


Direct  Simulation  of  Turbulent  Pulsed  Plane  Channel  Flows. 
S.  Rida,  K.  Dang  Tran 

Ofiice  National  d’Etudes  et  de  Recherches  Afrospatiales 
BP  72,  92322  Chatillon,  FRANCE 


1.  Abstract. 

The  aim  of  this  study  is  the  understanding  of  the 
behaviour  of  turbulent  wall  shear  Hows  submitted  to  ume 
dependent  external  forces  Expenmental  studies  and 
theoncal  re.e.iderations  [3, 4.6, 7]  have  already  given  some 
insiglits  on  the  infuence  of  an  imposed  unsteadiness  on 
mrbulent  motions  in  the  case  of  pulsed  plane  channel  and 
boundaiy  layer  flows  the  time  averaged  tuibuleni  quanuties 
seem  to  be  unaffected  by  the  tmposed  pcnodtcal  forces, 
mostly  at  high  frequencies,  and  the  phase  averaged 
quanuties  follow  merely  the  evolution  of  the  linear  viscous 
Stokes  soluuon  on  the  major  pan  of  the  flow  domain 
However  these  expenmental  results  may  be  completed  and 
tuned  by  means  of  numencal  direct  simulation  This 
numencsl  work,  completed  tn  the  case  of  a  pulsed  plane 
channel  flow  at  a  mean  Reynolds  number  </?,>  =  2000  for 
the  steady  case,  bnngs  out  that  non  linear  interactions  can 
be  found  between  the  turbulent  flow  and  the  imposed 
unsieadines.,  in  the  range  of  low  frequencies  where  the 
compuuuons  have  been  earned  out. 


2.  The  continuous  problem. 


We  are  interested  in  the  case  of  a  plane  channel  flow 
dnven  by  a  periodically  time  varying  mean  adverse 
pressure  gradient  This  problem  has  an  exact  soluuon  in 
the  linear  case,  called  the  Stokes  soluuon  V,.  It  is  obtained 
by  solving  the  following  ec,  lation 


with  X;  6  (-1,1).  k  is  denoting  the  wavenumber  equal 
to  ;■  i/i  toR, ,  and  R,  is  the  Reynolds  number  based  on  the 
value  of  the  velocity  in  the  middle  of  the  channel  and  the 
half  height  of  the  channel.  In  the  non  linear  case,  the 
soluuon  of  the  Navier-Stokes  equations  at  supeicnucal 
Reynolds  numbers,  with  the  impost  mean  gradient  and  the 
conunuiiy  equation,  provides  us  with  the  turbulent  value  of 
the  velocity  and  the  pressure  flelds.  These  equations  arc 


dxi 


(')5l, 


. -^s 

ax/7 


,  1 
R, 
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=  0 


As  It  1$  commonly  done,  we  will  use  the  triple 
decomposiuon,  to  bring  out  the  non  linear  interaction  which 
may  arise  between  the  mean  turbu.ent  field  and  the  imposed 
force  . 

t/fxiXjJij.t)  =  <t7>(rj)  +  <0>(X},t)  +  u'CnAj.^},/) 

(2) 

where  <U>  is  the  mean  steady  pan,  <U>  us  mean  time 
dependent  pan,  and  u  its  turbulent  fluctuation.  Taking  the 
advanuige  of  the  direct  simulation  procedure  <U>  is 
defined  as  the  mean  value  taken  by  U  over  planes  of 
homogeueneity  xj=cie  and  over  a  large  number  N  of 
cycles  for  a  given  phase  angle  $ 
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dP 


(1) 


which  saluQon  is  the  real  pan  of. 


<y>(x3,i»=  ^  ^ 

i  'yCxijtjjijUitor-HWdiidrj 

(3) 

where  and  L2  ore  the  streomwise  and  sponwise 
dimensions  of  the  channel 
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3.  The  numerical  method. 

The  numencal  method  has  been  developed  for  direct 
simulations  of  plane  channel  flows  and  ii  detailed  in 
The  Navier-Stokes  equations  in  velocity-pressure  fonnula- 
uon,  are  discretized  on  a  non  uniform  cartesian  gnd  and  are 
solved  by  a  semi-implicit  finite  difference  scheme  which  is 
second  order  accurate  in  ame  and  fourth  order  accurate  in 
space.  The  pressure  defined  at  the  same  discreuzation 
points  as  the  velocity,  is  computed  iteratively  at  each  time 
step  in  order  to  minimize  a  norm  of  the  velocity  diver¬ 
gence.  In  the  present  case  streamwise  penodic  boundary 
conditions  are  prescribed  in  order  to  simulate  a  temporally 
evolving  flow  The  serm  implicit  time  discretization  uses 
an  Adams-Bashforth  scheme  for  the  convective  term,  and 
an  Euler  scheme  for  the  diffusion  term. 
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where  L  is  an  impluil  operator,  factonzed  in  the  three 
space  directions. 
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The  pressure  fir’ '  is  determined  by  solving  the  follow¬ 
ing  equation  oblai  by  taking  the  discrete  divergence  of 
the  momentum  equ^ion  ' 


Bx,  Bx, 


It  is  computed  iteratively  in  order  to  mininiize  a  discrete 
norm  of  the  velocity  divergence  A  special  treatment  of  the 
pressure  at  the  intenial  points,  eliminates  spunous  pressure 
modes  (SJ,  and  enhances  the  convergence  of  the  iterative 
coaipuiauon. 


Thcicfore,  desubiliuuon  is  achieved  by  adding  the  suiuble 
2-D  and  3  D  Tollmicnn  Schlichiing  waves  [1,2)  of 
wavelength  a  =  1  25  After  a  transieni  state  the  computed 
field  becomes  fully  turbulent  The  dimensions  of  the 
compuUlionil  box  are  2it/a,  n,  2,  respecuvely  in 
streamwise,  spanwise  and  normal  to  the  wall  directions, 
discretization  is  achieved  with  18x32x65  points  respectively 
in  diese  directions 

T1.C  computauons  are  earned  out  for  two  values  of  the 
■  .MOd:  T»  2.6  s  and  T»  60.  s,  corresponding  to  high  and 
low  values  of  the  fi'cqucncy  to,  and  for  an  amplitude  ratio 
A  -  [U,]IU,  in  the  middle  of  the  channel  equal  to  40%. 
'The  charactensucs  of  these  two  cases  transenbed  in  the 
Bindcr-Kueny  13)  parameicr  /s.  which  is  defined  as  the 
ralio  of  the  Stokes  layer  Is  =^2IR,ai  to  the  thic'  ness  of  the 
steady  turbulent  viscous  sub-layer  1/S,<uf>,  are  equal 
respectively  to  1.81  and  8.74  The  Reynolds  nuiiioer  of 
the  initial  field  based  on  the  half  height  of  the  channel 
y,(h/2)A/2v  IS  equal  to  5000. 

Periodically  time  dependent  solunons  have  bec,i  obtained 
for  which  amplitudes  [(7)  follow  fairly  well  the  Stokes 
solution  on  the  major  pan  of  the  channel  height,  as  shown 
on  figures  I  and  2  .respecuvily  for  T=  2  6  s  and  T=  60  s, 
with  better  agreement  for  the  high  frequency  case  as 
expected,  except  very  near  the  walls. 


Fig  I  Amplii’idcs  ratios  for  A  =04  and  T  =  2  6i 
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4,  Results 

4,1  Direct  simulation  p.-oetdures. 

The  laminar  viscous  Saikes  solution  is  taken  as  the 
ininal  field  whose  steady  pan  is  the  larmiiar  Poiseuille  flow 


In  the  high  frequency  case,  the  hnear  solution  U,  and  the 
non  linear  solution  <y>  are  in  phase  in  the  mid^e  of  the 
channel  and  out  of  phase  very  near  the  wall  as  showr  by 
Lissajoux  curves  of  figure  3  denoting  linear  interactions  due 
to  viscosity.  The  tnieresnng  result  is  found  in  the  low 
frequency  case  The  same  trends  concerning  the  relative 
phase  of  <{/>  and  U,  can  be  observed  on  figure  4,  but  in 
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4.1  Timt  »ver»ged  qmnUtiea. 


Fig  2  Amplitudes  ratios  for  A  =  0.4  and  T  =  60j 
•  ({/jIM 
0  (<t/>)M 

this  case,  Lissajoux  curves  are  not  closed,  neither  m  the 
rraddle  of  the  channel  nor  near  the  wall,  which  denotes  a 
non  linear  interacdon  between  the  turbulent  flow  and  the 
unsteady  external  forces. 


Fig  3  Relative  phase  of  versus 

l<i/>)M  T  =  1.65. 

— -  in  the  middle  of  the  channel 
—  at  the  point  nearest  to  the  wall 


As  observed  expenmentally  [3,4,7],  time  averaged 
quanuties  seem  effectively  not  much  influenced  by  the 
forcing  frequency  and  amplitude  The  frequency  invanancc 
may  be  observed  first,  on  the  averaged  Reynolds  number 
<(/>(* /2)h/2v  and  on  the  time  averaged  wall  velocity  In 
effect,  computed  values  of  these  quantities  in  both  high  and 
low  frequency  cases  </(,>=  1787,  1590  and 
2.05510■^  2  01010“^  do  not  differ  -;iuch  from  those 
obtained  in  the  steady  case  (<R,>=  1866  and 
I7j=  202710-2) 


Ftg.4  Relative  phase  of  ltf,l/A  versus 
[<y>lM  r  =  60.s. 

— -  tn  the  middle  of  the  channel 
—  at  the  point  nearest  to  the  wall 

The  same  conclusions  can  be  drawn  for  time  averaged 
velocity  and  shear  stress  <u\u'i>luj 

distributions  displayed  on  figuies  5  and  6.  On  the  contrary 
normal  stress  dismbulions  <ii',u'|>/ii7  (Fig.7),  seem  to 
depend  on  frequency.  However,  this  dependency  found  in 
some  expenments,  and  not  in  others  |7)  is  not  yiet  clearly 
established.  The  amplitude  invariance  uf  our  simulation 
results  has  been  verified  by  simulating  again  the  low 
frequency  case  with  the  forcing  amplitude  of  A  =0.1. 
Results  obtamed  for  the  previous  quanuties  are  the  same  as 
for  A  =  0.4(Fig  5,6,7).  This  seems  to  indicate  that  non 
linear  interacuons  between  the  turbulent  flow  and  the 
forcing  at  this  low  frequency,  dtscussed  here  after,  are  not 
related  to  relaminansation  of  the  flow  which  may  occur  for 
A  =  0.4  due  to  the  low  mean  Reynolds  number  of  the 
.simulation 
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Fig  5  Velocity  distnbuuon  of  <tf  i>/ir;  versus  Logl^i) 
.r  =  -,  +  r=  60s,*T=26t 

o(/'  =oi,r  =  60  I  ) 


Fig  6  Shear  stress  distributions  <u'|U'j>/m,^  versus  Xj 
-  r  =  ~.  +  r  =  60.s;  •  r  =  2.6t 
o(/i  =01,r  =60.  s.  ) 


4.3  PhMc  averaged  quintltlea. 

Fig  8  a  and  Fig  8.b  show  the  time  evolubons  of 
<u’\u'y>  in  the  high  and  low  frequency  cases,  respecuvety 
record^  over  ten  and  five  periods  of  forcing  at  Jty  -  5. 
Power  spectra  of  these  signals  are  displayed  on  figures  9.a 
and  9.b  In  the  high  frequency  case,  the  shear  stress 
oscillates  almost  sinusoidally  at  the  forcing  frequency  A 
modulation  of  the  signal  at  a  lower  frequency  observed  on 
figure  8.a  and  9.a  may  be  due  to  a  lack  of  spatial 


homogeneity  of  the  computed  How  and  is  eliminated  by 
phase  averaging  the  signal  as  defined  by  (3)  (Fig  10  a)  In 
the  low  frequency  case,  the  turbulence  response  is  verv 
different:  the  signal  is  periodic  but  far  from  sinusoidal  (Fig 
8  b  and  lO.b)  The  power  spectrum  displays  a  great  number 
of  harmonics  enhanced  by  non  linear  interactions 


Fig.7  Normal  stress  dismbuiions  <u' \u' \>lu}  versus  xj 
.  r  =  ~,  *T  =  60s,  *7  =  2.6s 
o(  A  =0.1,r  =  60  s  ) 


Fig.8.a  Time  evolution  over  ten  penods  of  <«'iV3>  versus 
1777  =  2.6  s  at  Xj*  =  5 

In  the  mean,  the  complex  evolution  of  the  time 
dependent  part  of  the  shear  sness  seems  to  have  no 
ir„Tuence  upon  the  bme  averaged  value.  Some  insights  in 
the  complex  underlaying  energy  transfers  may  be  gamed  by 
considering  in  the  energy  budget  of  <u\u'i>  the  production 
teim  P||  which  is  the  largest  contributor  to  the  gam  of 
turbulent  lanelic  energy  in  the  steady  case.  Time  averaging 
this  term  and  using  the  decomposition  (2)  gives  ' 
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d<t/|> 

,  3//,  au, 

=  ,„3>_ 


(4) 


Figure  (11)  displays  the  spatial  dismbution  of  the  first 
steady  temt  of  (4)  which  does  not  depend  on  the  forcing 
frequency,  so  that  the  distributions  found  in  each  case  arc 
similar  as  found  also  by  expenment  16].  The  "unsteady" 
contnbution  of  the  second  term  to  the  production  /’ll  is 
compared  to  the  "steady"  contribution  on  figure  12  It  is 
negligible  in  the  high  frequency  case  while  it  is  very 
important  in  the  low  frequency  one,  aettng  as  a  supply  of 
energy  No  simple  explanation  as  the  one  suggest  in  (3,71 


Fig  8  b  Power  spectrum  of  <u‘  |U'3>  T  -2.6  s 


Fig  9  a  Time  evolution  over  five  periods  of  <u'  ,u' j>  versus 
tIT  T  =  60.  J  at  *3  =5. 


Fig.9.b  Power  specuum  of  3>  T  =  s 


Fig.l0.a  Phase  averaged  evolubon  of  <u'iu'^>  versus 
sir  T  =  2.6  s  at  i3*  =  5. 

seems  to  exist  for  the  frequency  uivanance  of  the  time 
averaged  values.  Other  terms  of  the  energy  budgets  of  the 
Reynolds  stress  terms  must  be  computed  to  complete  the 
analysis. 

S.  Conclusions 

Direct  simulations  of  turbulent  plane  channel  flows 
submined  to  imposed  penodic  time  evolving  streamwise 
mean  pressure  gradient  have  been  carried  out  for  two 
frequencies  of  the  external  force.  At  high  frequency,  the 
non  linear  solution  is  penodic  and  follows  fairly  well  the 
linear  penodic  Stokes  solution,  but  with  an  increasing  phase 
lag,  when  approching  the  wall.  At  low  frequency,  the  non 
linear  solution  is  no  more  periodic  due  to  non  linear  effects. 
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These  non  linear  effecis  have  no  direct  influence  on  time 
averaged  second  order  moments  of  the  velocity  fletd.  except 
for  The  analysis  of  the  production  term  of  the 

energy  budget  of  <w']ii*i>  shows  a  complex  effect  of  the 
forcing  frequency,  but  seems  to  be  not  sufflcient  to  explain 
the  results  obtained.  Consequently,  computations  of  other 
terms  involved  in  energy  budget  of  the  Reynolds  stress 
tensor  are  required  to  describe  the  non  linear  effects  of  the 
low  frequency  forcing  on  energy  redistribution  between 
velocity  components  and  the  role  of  the  pressure 


Fig  lO.b  Phase  averaged  evolution  of  <u'|ii'3>  versus 
r/T  r  =60  s  atx3*  =5 


.  T  =  ~,  +  T  =  60s,  •  r  =  2.6s 


3t/, 

-<u  iu’3>'q —  versus  Xj,  +  T  =  60.s  ,  •  T  =  2  6s. 
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ABSTRACT 

The  dynamical  interactions  occuring  between  periodic 
surface  waves,  turbulence  and  mean  current  are  anu'ysed  by 
considering  the  orbital  vorticity  balance  closed  using  an  eddy- 
viscosity  model  It  is  theoretically  shown  how  these 
interactions  induce  an  energy  transfer  from  the  waves  to  the 
mean  motion  and  then  modify  the  mean  momentum  and 
turbulence  energy  balances  Numerical  computations  using  a 
simple  one  point  closure  with  boundary  conditions  appropriate 
for  interfacial  turbulence  are  presented  The  results  show  that 
the  turbulence  energy  is  highly  increased  by  these  interactions 
and  reaches  the  unusual  level  that  has  been  measured  below 
wind  waves 


1  INTRODUCTION 

The  aim  of  this  paper  is  to  try  and  present  a  coherent 
eiplanation  of  the  dynamical  interactions  occuring  between 
wind  waves  and  water  turbulenc-i  in  lakes  and  oceans 
Evidence  of  the  existence  of  such  interactions  has  been 
demonstrated  in  several  sets  of  experiments 

•  for  instance  field  measurements  have  been  performed  on 
Lake  Ontario  (Kitaigorodskii  et  al  1983)  Since  in  this  case 
the  waves  were  random,  the  total  velocity  fluctuations  have 
been  separated  using  a  linear  filtration  method  (Benilov  et  al 
1974)  into  an  orbital  contribution  'mearly  related  to  the  wave 
height  and  a  turbulent  fiuctuat  o  i  The  results  showed  that  in 
presence  of  large  wind  waves,  '.he  ratio  K/u*^  (K  denoting  the 
turbulent  kinetic  energy  and  u'  the  interfacial  friction 
velocity)  con  reach  values  two  orders  of  magnituue  higher 
than  in  wall  flows, 

laboratory  experiments  using  paddle-generated  waves 
sheared  by  the  wind  have  been  performed  in  the  Stanford  Wind 
Wave  Facility  (Cheung  1985,  Cheung  and  Street  1988)  In  this 
situation,  the  waves  were  periodic  so  that  a  phase-averaging 
procedure  could  be  used  m  order  to  obtain  the  turbulent 
contnbution  The  ratio  K/u*^  below  the  free  surface  was  found 
to  range  between  9  and  11,  nearly  three  times  the  near-wall 
value 

In  order  to  explain  the  first  group  of  results,  Kitaigorodskii 
and  Lumley  (1983),  following  previous  proposals  of 
Kitaigorodskii  and  Miropolskii  (1968)  and  Benilov  (1973)  have 
proposed  an  interaction  mechanism  based  on  an  irrotational 
behavior  of  the  orbital  motion  supposed  to  be  governed  by  a 
■near  Bernoulli  equation.  Several  additional  terms  appear  in 
the  K-balance  but  it  has  been  shown  by  an  order  of  magnitude 
analysis  that,  within  previous  hypotheses,  the  dilTusion  of 
wave  kinetic  energy  by  the  turbulent  motion  is  the  only 
significant  source  of  transfer  between  orbiUI  and  turbulent 
motions  However,  subsequent  eipenmenUI  data  (Terray  and 
Bliven  1986)  have  shown  that  the  corresponding  term  in  the  K 
balance  is  in  fact  negbgihl.  Furthermore,  this  mechamsm 
can  only  act  with  random  waves  in  contradictu  ,  with  the 
second  group  of  results  which  is  showing  that  the  interactions 
are  etlicient  even  with  periodic  waves.  Thus  it  is  clear  that 
other  mechanisms  mutt  exist  Among  them  of  course,  wave 
breaking  is  supposed  to  play  a  very  important  role  However  in 


the  two  sets  of  experiments  previously  mentioned,  wave 
breaking  was  unsignificant  Another  possibility,  based  on  the 
creation  of  an  o-bital  component  of  the  vorticity  field  has  been 
explored  by  Magnaudet  (1989) 

2  THEORETICAL  ANALYSIS 

In  order  to  summarize  this  mechanism,  let  us  consider  the 
basic  case  of  a  periodic  wave  with  wave-number  k  propagating 
at  the  surface  of  the  water  in  the  direction  x  The  wave  is 
sheared  by  the  wind  which  also  creates  a  mean  current  and 
generates  turbulence  A  frame  of  reference  moving  with  the 
velocity  c  of  the  wave  is  used  in  order  to  freeze  the  shape  of  the 
free  surface  This  allows  us  to  define  a  phase  average  (<  >)  of 
each  variable  which  only  depends  on  spatial  coordinates 
Then  the  triple  decomposition  (Reynolds  and  Hussain  1972)  is 

used  to  wnte  exact  balance  equations  for  the  mean  0  ),  orbital 

(  )  and  turbulent  O,  motions  In  this  approach  the  orbital 

velocity  V  is  defined  as  the  part  of  the  velocity  field  which  is 
periodic  in  x  with  the  wavelength  2a/k  ,  no  assumption  is 

made  concerning  the  dynamical  properties  of  v  Defining  the 

orbital  vorticity  to  =  V  x  v  the  mean  momentum  balance 
writes 


(V-c)VV  =-V(P/p  +  — )  +  V  (vV  V  -  v'v'  )•  5  X  V  (1) 

Thus  the  effect  of  waves  on  the  mean  flow  can  appear  either 
through  a  modification  of  the  Reynolds  stress  tensor  =.  "v^ 

or  through  the  vorUx  term  S  x  v  The  Y  balance  may  be 
written 

^  p„  -  7  |»,^  s  D,^  _ 

■  )^)  (2) 

'  *ij'  ®ij  D,j  represent  the  usual  production, 

d»»8ipation,  pressure-strain  and  diffusion  terms  Two  kinds 
of  e^B  terms  due  to  wave-turbjience  interactions  appear  in 
the  R  balance  they  represent  the  production  of  turbulence  by 

the  gradients  of  v  and  the  diffusion  of  turbulence  by  v  but  it 
can  be  shown  by  an  order  of  magniti^  analysis  that  they  are 
not  large  enough  to  modify  strongly  R  .  So  m  the  following  it 

^vill  be  shown  Umi  tlie  increase  of  the  turbulence  level  can  be 
explained  by  the  vortex-term  S  x  v 


Firsi  all  we  have  to  examine  the  o)  balance 


(8)  can  then  be  integrated  and  the  final  result  is  attained 
(Magnaudet  and  Masbernat  1990) 


i.  V  .c)VS=  Vxl  w  X  V  -wxvl  +  uVV 

■  Vx(  u)  X  V  )  -  Vx[V  (v’v')l  +  vV^w  (3j 
(li  (2) 

1 1)  and  (2i  are  the  two  source  terms  which  can  create  an  orbital 
component  of  the  vorticity  It  <s  worth  noting  that,  m  contrast 
with  the  study  of  coherent  structures  where  equation  (2)  is 
untractable  analytically,  the  situation  is  much  more 
comfortable  here  because 

-  at  first  order  (without  wind)  v  is  potential  and  can  be  found 
using  the  Stokes  expansion  for  gravity  waves, 

•  the  problem  is  periodic  in  the  direction  of  the  primary  mean 
flow  (x) 

In  order  to  solve  (1)  it  is  necessary  to  model  R  s  v’v'  which 
represents  the  variations  of  the  Reynolds  stress  along  the  wave 
profile  This  question  has  been  thoroughly  studied  by  several 
authors  either  in  the  context  of  turbulent  flows  excited  by  an 
oscillatory  plate  (Hussain  and  Reynolds  1970,  Reynolds  and 
Hussain  1972)  or  in  order  to  describe  the  boundary  layer  over 
gravity  waves  (Davis  1970  and  1972,  Thorsness  et  al  1976) 

Since  the  <R  >  balance  and  consequently  the  R  equation 
contain  a  lot  of  nondinear  terms,  this  equation  cannot  be  used 
safely  in  an  analytical  approach  Thus  the  simplest  way  of 
going  further  is  to  assume  an  eddy  viscosity  relation  for  the 
phase*averaged  Reynolds  stress  tensor 

<R>  =  2/3  <  K  >  1  *  2  <  v-p  >  <  S  >  (4) 

where  <S  >  denotes  the  phase  averaged  rate  of  strain  tensor 

<  S  >=  1/2  (V<V>  +  ‘v<v>) 

This  closure  assumption  is  of  course  very  restrictive  and  must 
be  understood  like  a  model  from  which  consequences  can  be 
examined  and  not  like  an  unquestionable  physical 
representation  From  (4)  we  derive 

R  =  2/3Kl-2Ci'¥  -2  v7  S +2(^8 -2  )'  ,(5) 

it  can  be  shown  (Magnaudet  1969}  that  to  first  order  with  respect 
to  small  parameters  (to  be  defined  later)  and  excepted  m  a  very 
thin  layer  below  the  free  surface,  (C)  implies 


u  =  V  X  i  to  X  j  ^  dx  I  2  V  1  ~  (9) 

(  z  denotes  the  vertical  axis  directed  upwards  and  y  the 
spanwise  axis  .  Cy  is  the  unit  vector  in  the  y  direction) 

This  equation  demonstrates  that  when  surface  waves  are 
superimposed  on  a  mean  turbulent  shear  flow  the  periodic 
motion  ennnot  remain  strictly  irroUtional  because  of  two 
ki.ids  of  interactions 

•  the  first  term  was  found  previously  by  Croik  and  Leibovich 
(1976)  Craik  (1977)  showed  that,  due  to  a  spanwise  instability 
mechanism,  this  term  generates  large  x-axis  mean  vortices 
known  as  Langmuir  circulations  the  basic  one-dimensional 
mean  current  is  unstable  and  the  steady  mean  motion  is  an 
helical  one  This  is  typically  a  three-dimensional  asoect  of 
wave-mean  current  interactions  which  will  be  disregarded 
here 

-  the  second  term  arises  from  wave-turbulence  interactions  '  it 
shows  that  when  an  inhomogeneous  turbulence  (such  as  the  one 
present  in  the  surface  boundary  layer)  and  i  periodic  plane 
strain  (due  to  the  wave  motion)  exist  together,  they  interact  and 
produce  a  penodic  spanwise  component  of  the  vorticity  at  the 
wavenumber  of  the  strain 

This  means  that  the  total  amount  of  energy  associated  with 
wavenumber  k  below  a  tram  of  surface  waves  is  the  sum  of 
three  components  one  corresponds  of  course  to  the  potential 
motion  induced  by  the  waves  (this  is  the  common  definition  of 
the  orbital  motion),  the  second  is  due  to  the  classical  turbulence 
induced  by  the  wind  stress  and  the  third  one  is  the  result  of  a 

non-zero  value  of  3  Prom  an  expenmental  point  of  view  this 
means  that  any  filtration  technique  where  the  orbital  motion  is 
defined  with  the  aid  of  a  Bernoulli  equation  will  lead  to  a 
“turbulent*  spectrum  with  a  peak  arising  from  wave- 
turbuh  nee  interactions  This  is  indeed  the  case  as  was 
recently  found  with  a  non-lmear  filtration  method  by  Jiang  et 
al  (1990) 

Let  us  now  turn  to  the  consequences  of  (9)  on  the  mean  flow 
Using  boundary  layer  assumptions  the  mean  vortex-term 

S  X  V  reduces  to  w  x  v  »  uw  ^  so  that  (9)  can  be 
integrated  to  obtain  with  the  aid  of  the  Airy  solution  for  water 
waves 


R-  2/3  K1  -  2  vf  S  (6) 

This  means  that  the  pnncipal  effect  of  the  waves  on  the  spatial 
structure  of  the  turbulent  field  is  to  redistribute  the  Reynolds 
stresses  This  is  in  agreement  with  the  conclusions  of 
Reynolds  and  Hussain  (1972)  and  Davis  (1972)  who  obtained 

satisfactory  results  using  (6)  Introducing  (6)  in  the  3 
balance  leads  to 

-(Vx[V(R)),=  (VySijlj 

+  V  Tj  (“j,i -«ij)  +  v-rjiS^j  (7) 

The  first  term  on  the  right  hand  side  represents  the  classical 
Taylor  model  for  the  diffusion  of  vorticity  whereas  the  two 
other  terms  take  into  account  the  stretching  mechanisms 
associated  with  scales  changes  in  inhomogeneous  turbulence 
(Tennekei  and  Lumley  1972)  Introducing  the  wave  steepness 

—  1/2 

e  and  the  dimensionless  mean  shear  rate  $»(  S  S  ),  /ck 
and  assuming  these  two  parameter'-  to  be  small,  it  becomes 
possible  to  perform  an  asymptoiiC  expansion  of  (3)  The 
resulting  equation  obtained  at  leading  order  e8  writes  with 
dimensionless  variables 

“  1  ,x'*  = 

1  m  V  ,  }^*  k  ^  1  ,k*  *  2c,  V  ,  ”kz' 


_  ^2 

_  w  - -  o. 

Zw  = -2  V  V  T  (10) 

Since  u^*  vanishes  on  the  free  surface  as  will  be  shown 
later,  Vy  must  also  vanish  on  the  interface  Since  in  the  bulk 
Vj  IS  mainly  positive,  there  is  a  region  near  the  interface 

where  vy  *<0  so  that,  following  (10),  uw  must  be  positive 
This  IS  m  complete  agreement  with  the  expenmental  results  of 

Cheung  and  Street  (1988)  showing  a  positive  uw  over  a 

significant  depth  below  the  waves  It  is  worth  noting  that 

u  w  >  0  means  that  the  mean  flow  extracts  energy  from  the 
orbital  motion  as  it  often  occurs  when  coherent  structures  exist 
in  a  turbulent  flow. 

Let  us  now  consider  the  turbulence  production.  The 
approximate  mean  momentum  balance  (to  first  order  in  the 
wave  steepness)  writes : 

-  u‘w'  =  u*^+  uw  (U) 

This  shows  that  the  turbulent  shear  stress  is  enhanced  by  the 
interaction  Since  -  u'w'  governs  turbulence  production  in 


11-5-2 


shear  layers  it  seems  reasonable  to  expect  a  higher  ratio 
—  *2 

K  /u  in  the  present  situation  than  m  usual  flows  It  must  be 
noted  that,  due  to  the  fact  that  the  typical  wave  energy  e‘‘c‘‘  is 

generally  much  greater  than  u  ^  weak  interactions  which  do 
not  modify  seriously  the  orbital  motion  can  completely  change 
the  turbulent  balance  The  efficiency  of  this  mechanism  in 
terms  of  turbulence  level  was  first  demonstrated  with  the  aid  of 
a  very  simple  one-dimensional  numerical  model  solving 
(10)-  (11)  together  with  a  K-  r  model  (e  meaning  here  the 
dissipation  rate  of  K)  (Magnaudet  et  al ,  1991)  The  results 
obtained  using  the  experimental  parameters  of  Cheung  and 
Street  have  shown  to  be  promising  More  precisely  a  ratio 
K/u  ^ranging  between  9  and  12  was  obtained  near  the  mean 
interface  in  accordance  with  the  experimental  levels 

3  NUMERICAL  APPROACH 


wall  behavior,  turbulent  fluctuations  exist  on  the  interface  at 
least  with  clean  water  Let  us  consider  first  a  shear-free 
interface  The  boundary  conditions  for  the  turbulent 
fluctuations  wnte 

v'n  =  0  (14.1) 

t  vfW  +  W) n  =  0  (I'b* 

Then  denoting  by  u’,  v'  and  w'  the  turbulent  velocity 
fluctuations  parallel  and  normal  to  the  free  surface 
respectively  and  by  x,  y  and  z  the  corresponding  coordinates,  it 
becomes  possible  (with  the  aid  of  the  continuity  equation)  to 
expand  the  fluctuations  with  respect  to  z  within  the  form  (Hunt 
1984) 

u'(x,y,z,t)  s  aQ(x,y,t)  +  a2(x,y,t)z^  + 

V  ‘(xo^,7,t)  =  b^(x,y,t)  +  b2(x,y,t)z^  + 

w’(x,y,z,t)  s  Cj(xo',t)2  +  C3fx,y,t)2^  + 


In  this  section  are  presented  the  first  results  of  a  full 
numerical  approach  which  was  carried  on  in  order  to  check  the 
previous  theory  and  to  explore  more  carefully  various  aspects 
of  wave-turbulence  interactions  without  all  the  limitations 
inherent  to  the  analytical  expansions  In  this  first  step  the 
three-dimensional  aspect  of  wave-current  interactions  is 
disregarded  and  we  focus  as  previously  on  wave-turbulence 
interactions 

For  this  purpose,  the  two-dimensional  Reynolds  phase- 
averaged  equations  are  solved  below  a  prescribed  Stokes  wave 
As  we  want  to  describe  accurately  the  interfacial  zone,  the 
equations  are  written  in  a  curvilinear  orthogonal  system  of 
coordinates  moving  with  the  phase  velocity  c  This 
curvilinear  system  is  identical  to  the  one  used  by  Cent  and 
Taylor  (1976)  or  Al-Zanaidi  and  Hui  (1983)  in  numerical 
investigations  of  wind-waves  generation  Thus  we  solve 

V<V>aO  n2t) 


(<V>  •  c)  V<V>  s  •  V<P>/p  +  V  (vV<V>  •  <v'v'>)  (12b) 


Denoting  by  n  and  t  the  normal  and  tangential  unit-vectors 
respectively,  the  boundary  conditions  on  the  free  surface 
z  s  Ti(x)  write 

(<V>  -  c)  n  =  0  (I3a) 

t  v(V«:V>  + ‘V<V>)  n  =  u*^  (13b) 

The  bottom  of  the  domain  (  z  s  -*  H)  is  considered  as  a 
symmetry  pluiie  and  periodic  conditions  sre  imposed  on  <P> 

and  <V>  at  X  =  0  and  x  =  27i/k  A  linear  ‘"rin  ^  u  ^  has  to  be 

added  to  the  pressure  in  order  to  represtiiit  the  hydrostatic  effect 
of  the  mean  slope  of  the  fi'ee  surface  U  must  be  noted  that,  since 
the  interface  has  a  prescribed  form,  it  is  not  possible  to  satisfy  a 
constant  pressure  condition  on  zs'n(x}  together  with  the 
kinematic  condition  (13a).  However  the  phase  velocity  c  can  be 
calculated  by  minimizing  the  surface  integral 
2n/k 

1(C)  =  Jit  V<P>|2(i, 

0 

The  solution  of  equations  (12a}-(l2b)  is  obtained  by  means  of  a 
second-order  accurate  finite  volumes  technique  using  a 
velocity-pressure  formulation  on  a  staggered  grid  The 
momentum  equations  are  solved  with  an  explicit  predictor- 
corrector  method  (the  Brailovskaya  scheme)  whereas  the 
divergence-free  condition  is  satisfied  by  means  of  a  fully 
implicit  Poisson  equation 


4  TURBULENCE  MODELING 

The  representation  of  the  phase-averaged  Reynolds  stress 
tensor  is  achieved  by  means  of  one-point  closures  In  this 
preliminary  study  only  very  simple  models  uf  the  K-ctype 
were  used  Hov/ever  these  models  must  take  into  account  the 
specificities  of  interfacial  turbulence  contrarily  to  a  solid 


Thus  the  exact  <K>  and  <€>  boundary  conditions  on  z  t  ii(x) 
wnte  (Magnaudet  1989) 


8<K> 

dn 

d<z> 

dn 


*0 


aO 


(I5a) 
(15b) 

Of  course  when  a  wind  is  blowing  over  the  free-surface, 
tiuctuations  occur  in  the  surface  stress  so  that  condition  (14b) 
does  not  remain  exact  However  the  ratio  between  the 
viscosities  of  water  and  air  is  high  enough  to  keep  ( 14b)  and  the 
subsequent  conditions  (15)  as  an  accurate  approximation 
Furthermore,  combining  conditions  (15)  with  the  previous 
asymptotic  expansions  leads  to  the  remarkable  statement  that 
all  the  Hux-terms  m  the  <K>  and  <e>  balances  (wntten  under 
an  integral  form)  arc  exactly  zero  on  the  free  surface  This  is 
straightforward,  due  to  the  boundary  condition  (13a),  for  the 
advective  terms  /<K>(<V>  •  c)  n  ds  and  /<c>(<V>  •  c)  n  ds 
and,  due  to  (14a)-(15a),  for  the  diffusive  term  of  the 

<K>  balance  ^(- <K’v’ n>  •  n>  +  v^^^)d5 


It  can  be  also  shown  with  the  aid  of  the  w'  momentum  balance 

,.2 


that  ^  s  0  on  the  free  surface  due  to  the  fact  that-  . 


V{v'  n)>  +  v-^‘")ds  also  vanishes  at 


(because  w’  does  not  contain  any  z^  term)  This  leads  to  the 
result  that  the  diffusive  term  of  the  <c>  equation 

<eV*  n>  •  2v<  ^ 

the  interface 

Taking  these  results  into  account  and  setting  the  modeling 
constants  to  their  classical  values  (Rodi  1980),  the  <K>-<e> 
system  is  solved  with  the  method  previously  described  for  the 
momentum  equations 


5  DISCUSSION  OF  THE  RESULTS 

The  computations  allow  a  detailed  investigation  of  several 
quantities  of  interest  including  the  mean  current  U  (z) 

(Fig  1),  the  orbital  velocities  u  ,  w  ,  the  turbulent  mean  shear 
stress  -  u’w’  (Fig  2),  the  correlation  uw  (Fig  3),  the  mean 
turbulent  kinetic  energy  K  (Fig  4),  ..It  must  be  kept  in  mind 
that  denotes  here  a  spatial  average  following  the 
curvilinear  x  axis  so  that  the  averaging  procedure  is  carried 
out  at  a  constant  distance  from  the  real  interface  and  not  at  a 

constant  distance  from  the  mean  surface  level  _ 

The  value  found  for  the  eulenan  surface  drift  U  (0)  is  about 
13  0  u*  which  is  in  qualitative  agreement  with  experimental 
results  exhibiting  for  the  lagrangian  drift  U^  (0)  values  of 

about  16  8  u*,  more  commonly  expressed  as  Uj,  (0)  •*  0  55  u* 
(Phillips  and  Banner  1974)  (u  ^  denoting  the  friction  velocity  in 
the  air).  The  analysis  of  the  U  (z)  profile  shows  that  a 
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logarithmic  region  exists,  the  Von  Karman  constant  k  being 
equal  to  427  This  value  does  not  agree  with  the  results  of 
Cheung  (1985)  showing  6  8  depending  on  the  waves 

characteristics  This  desagreement  is  probably  due  to  the 
constant  associated  with  the  diffusion  term  of  the  e  equation 
this  constant  (Cg  s  1  3}  is  determined  by  the  requirement  that 
production  balances  dissipation  in  the  near  wail  region  and 
the  classical  value  of  k  is  explicitely  used  in  this 
determination _ 

Concerning  uw  ,  the  results  confirm  the  existence  of  an 
important  region  of  the  flow  where  this  correlation  is  positive 

in  agreement  with  (10)  A  thin  layer  where  uw  <  0  is  also 
shown  to  exist  in  the  immediate  vicinity  of  the  interface  due  to 
the  large  variations  of  the  eddy  viscosity  along  the  wave  profile 

in  this  region  ( the  v-j-  terms  of  equation  (5)  which  have  been 
neglected  in  equation  (6))  This  layer  will  be  studied  m  a 
following  paper  The  behavior  of  •.  u'w'  is  quite  complex 
because  this  quantity  is  influenced  by  the  existence  of  the 

correlation  uw  as  well  as  by  the  centrifugal  terms  resulting 

from  the  curvature  of  the  interface  _ 

The  most  important  result  concerns  of  course,  the  K  level  It 
can  be  seen  that,  for  the  set  of  parameters  specified  in  this  run 
(wavelengh  X  s  27c/k  s  1  m,  wave  amplitude  a  b  012  m,  phase 
velocity  c  B  1 25  ms*'.  Re  =  2ac/v  =  3  10^,  friction  velocity  m  the 

«  I  —  *2 

water  u  s  01  ms  )  the  maximum  value  of  K/u  is  about 
19  0,  nearly  5  times  the  maximum  value  near  a  solid  wall  It 

must  be  noted  that  the  maximum  value  obtained  for  uw  /u*^ 

IS  about  0  1  and  that  such  a  rather  weak  value  is  able  to  modify 
completely  the  turbulence  level  The  influence  of  the  free 
surface  boundary  conditions  derived  for  <K>  and  <e>  is  seen  to 

be  rather  weak  since,  right  at  the  interface,  K/u  is  damped 
to  about  4  0 

—  *2 

The  values  obtained  for  the  K  /u  level  must  be  confirmed 
with  the  aid  of  improved  turbulence  models  taking  into  account 
the  complete  real  behavior  of  turbulent  fluctuations  near  a  free 
surface  and  especially  the  anisotropy  between  the  normal  and 
the  tangential  components  Nevertheless  they  agree 
qualitatively  well  with  the  previously  cited  measurements 
Furthermore,  they  demonstrate  that  the  turbulence  lev<!)  is 

highly  influenced  by  the  creation  of  a  positive  correlation  u  w 

So,  the  theoretical  mechanism  based  on  the  generation  of  w  by 
means  of  wave-turbulence  interoctions  is  confirmed  to  be  a 
good  candidate  in  order  to  explain  the  level  of  turbulence  below 
wind  waves 
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Fig  4.  Turbulent  kinetic  energy  K 
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ABSTRACT 

We  examine  the  physical  characteristics  of  local 
transforms  to  decompose  coherent  turbulent  structures 
extracted  from  lime  series  or  numerical  data.  The  windowed 
Fourier  transform,  the  wavelet  transform  and  decomposition 
into  eigenvectors  of  the  lagged  covariance  matrix  are 
compared  by  projecting  the  latter  two  decompositions  onto 
Fourier  space  The  results  are  applied  to  turbulence  time 
series  from  the  Lammefjord  experiment.  The  eigenvector 
decomposition  Is  able  to  separate  the  variances  due  to  the 
coherent  eddy  microfronts  from  that  due  to  the  random  fine 
scale  structure.  In  the  Fourier  specirum,  both  appear 
together  at  the  higher  wavenumbers  and  their  Individual 
contributions  cannot  be  separated.  Other  advantages  and 
disadvantages  of  the  eigenvector  and  wavelet  decomposition 
are  noted. 

t  INTRODUCTION 

Because  turbulent  eddies  are  local  and  nonperiodic,  the  usual 
Fourier  decomposition  Into  trigonometric  functions  can  be 
physically  ambiguous  (Tennekes.  1976).  The  aperiodic  local 

jhavlor  is  particularly  evident  in  the  spatial  variations  of 
the  flux  which  Is  more  Intermittent  and  event-llke  compared 
to  variances  (Haugen  et  al,  t97t:>  Shaw  and  Businger, 
t  985). 

The  study  of  turbulent  structures  or  events  In  time  series 
can  be  posed  in  terms  of  local  transforms  or  decompositions 
which  are  local  In  contrast  to  conventional  global 
decompositions  such  as  the  Fourier  transform  (Figure  1). 
Local  decompositions  include  the  windowed  Fourier  transform 
(Gabor  transform),  the  wavelet  transform  (Daubechies, 
1988:  Mallet,  1989;  Grossmann,  et  al,  1989:  Meyer, 
1989)  and  decomposition  Into  eigenvectors  of  the  lagged 
covariance  matrix  (Busch  and  Petersen,  1971;  Lumley, 
1970;  Panofsky  and  Dutton,  1984;  Sirovich,  1988,  Mahrl 
and  Frank,  1988).  Eigenvectors  of  the  lagged  covariance 
matrix  are  also  referred  to  as  empirical  orthogonal  functions. 
For  historical  reasons,  the  above  local  decomposition 
techniques  have  enjoyed  application  In  specific  and  separate 
areas  of  research.  The  main  goal  of  this  paper  Is  to  compare 
the  different  techniques  by  applying  them  to  the  same  data. 

The  basis  sets  for  the  windowed  Fourier  transform  and 
wavelet  transforms  are  specified  while  the  basis  set  far  the 
eigenvector  decomposition  Is  determined  by  the  data.  In  this 
sense  the  eigenvector  decomposition  Is  more  'natural'.  The 
cost  of  this  flexibility  Is  the  large  number  of  samples 
required  to  adequately  estimate  the  lagged  covariance  matrix. 
The  number  of  eigenvectors  which  are  statistically 
significant  depends  on  the  sample  size.  If  the  events  are  not 
phasu-luuked  into  the  same  relative  position  within  each 
sample,  then  the  eigenvectors  approach  sines  and  cosines  In 
the  limit  of  random  phase 


Therefore  the  eigenvector  approach  applied  to  time  series 
requires  a  conditional  sampling  procedure  In  contrast  the 
wavelet  transform  can  be  applied  as  a  simultaneous  sampling 
and  decomposition  analysis. 
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Figure  1.  The  first  three  basis  functions  for  the  different 
decomposition  methods  The  eigenvectors  are  from  the  data 
set  described  In  Section  5 

The  eigenvector  decomposition  maximizes  covariance 
explained  with  the  fewest  number  of  modes  As  a  result, 
discarding  the  less  Important  eigenvectors  often  serves  as  an 
efficient  filter  which  removes  noise.  Such  eigenvector 
filtering  can  preserve  the  sharp  edges  of  the  main  structures 
in  contrast  to  windowed  Fourier  decomposition  where  the 
sharp  edges  of  the  main  structures  and  the  noise  both  appear 
at  high  frequencies.  Since  I  le  eigenvectors  maximize 
explanation  of  the  lagged  covariance,  the  leading  eigenvectors 
are  generally  less  noisy  than  a  simple  composited  average  of 
the  structures.  In  some  cases  the  simple  composite  Is  an 
average  of  the  leading  lypes  of  structures  and  therefore  is  not 
similar  to  any  of  the  Individual  structures.  The  eigenvectors 
seem  to  have  the  ability  to  sort  out  different  types  of 
structures  although  such  a  capability  is  not  mathematically 
guaranteed.  The  extension  to  the  multivariate  case  is  straight 
forward  (Petersen,  1976). 
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A  principal  advantage  of  the  wavelet  transform  is  localization 
where  the  resolution  or  spacing  of  the  transform  decreases 
with  decreasing  scale  That  is,  small  scale  features  are 
decomposed  with  finer  spatial  resolution  compared  to  large 
scale  features  The  wavelet  transform  contains  the  additional 
flexibility  of  specification  of  the  basis  function  In  terms  of 
the  physical  goal  of  the  analysis  For  example,  symmetric 
basis  functions  might  be  applied  to  study  large  deviations 
from  'he  local  mean  while  asymmetric  basis  functions  might 
be  specified  to  study  sharp  changes  or  edges  in  the  signal  The 
nonorthogonal  wavelet  transform  with  spatial  oversampling 
can  be  applied  to  enhance  spatial  phase  resolution  or  a 
nonorthogonal  wavelet  transform  can  be  construcfed  to 
provide  higher  spatial  resolution 

Advantages  of  the  windowed  Fourier  fransform  are  Inherited 
from  the  global  Fourier  transform  Advanfages  include 
unlversltallty  as  a  standard  of  comparison  and  the  fact  that 
derivatives  of  the  basis  functions  lie  in  the  same  basis.  The 
latter  Is  especially  useful  for  studies  In  connection  with 
dynamical  systems  based  on  differential  equations 


2  LCXM.  DECOMPOSITION 

We  assume  that  samples  of  coherent  structures  of  width  L' 
have  been  selected  In  terms  of  some  form  of  conditional 
sampling  or  generating  process  For  example,  such  sampling 
might  seek  thermals,  vortices  or  eddy  microlronis.  We  than 
decompose  the  samples  Into  different  scales  In  terms  of  a  local 
transform  of  the  sample  f(x  -  x^)  where  xp  designates  the 
position  of  the  center  of  the  nt*!  sample.  The  samples  l(x  - 
xp)  can  be  mulinrarlata 

Maihemallcally,  we  can  expand  the  sampled  structure 
centered  at  x-  Xp  In  terms  of  a  discrete  basis  set  defined  over 
the  interval  x.  (Xp  •  L'/2,  Xp  +  LV2].  In  the  case  of 
windowed  Fourier  bases  and  eigenvector  basis,  the 
decomposition  of  the  n'^  sample  can  be  written  as 

f(x-xn)  =  Zp  W(f(x-xp),p)  e  [x-xp,  p]  terror 

(1) 

x=  [Xp  ■  L'/2,  Xp  *  LV2]. 

where  f  Is  the  basis  function  and  the  sum  in  (1)  is  performed 
over  the  P  basis  functions  W(f(x),  p,  b)  are  the  transform 
coefficients  defined  as 

W{f(x-Xp),p}  = 

(1  fM)I„Q(x-*n)<rt(«-«n).P]*(«-*n)  W 

L'  =  Max 

where  the  sum  In  (2)  Is  defined  for  a  given  basis  function 
over  the  M  points  in  the  sample  window  of  width  L'  and  Ax  Is 
the  Interval  between  data  points  The  value  of  the  transform 
IS  proportional  to  the  amplitude  of  the  structure  contained  In 
f(x  -  Xp)  and  Its  similarity  to  the  shape  of  the  basis  function. 
1ne  error  In  (1)  is  due  to  possible  Incompleteness  of  the 
transform  or  Intentional  discarding  of  terms  to  remove  noise 
In  which  case  the  first  term  on  the  right  hand  side  of  (1)  acts 
as  a  filler  on  the  original  signal. 


For  the  windowed  Fourier  transform,  the  basis  functions 
A((x-Xn),p]  are  defined  as  sines  and  cosines,  where  a  is  the 
wavelength,  and  g(x-xp)  is  the  windowing  function 
(Daubechles,  t988)  In  Section  3,  we  consider  the  discrete 
Fourier  transform  where  g(x-Xp)  is  everywhere  one  When 
the  basis  functions  are  the  eigenvectors  of  the  lagged 
covariance  matrix  computed  from  the  samples  themselves, 
g(x-xp)  IS  also  everywhere  ohe  and  p  -  t,  2  M  is  the 
eigenvector  number  The  first  eigenvector  maximizes  sample 
covariance-explained,  the  second  eigenvector  maximizes 
explanation  of  the  remaining  covariance  or  the  samples  and  so 
forth 

With  the  above  class  of  decompositions,  each  of  the  P  basis 
functions  «I(x-’'n)'Pl  generates  only  one  transform 
coefficient  Wjp,  f(x  -  xp))  tor  each  sample  In  the 
orthogonal  wavelet  transform,  the  basis  function  of  width 
('dilation')  a  generates  LVa  coefficients  lor  each  sample  as 
the  transform  Incrementally  translates  through  the  sample  at 
an  increment  of  a  (Figure  t)  The  center  positions  of  the 
transforms  lor  dilation  scale  a  are  then 

bj  =  (Xn-LV2)*a.1/2)a;.  |  =  1,..LVa  (3, 

Consequently  the  trahstorm  provides  higher  spatial 
resolution  at  smaller  scales  (smaller  a)  at  the  expense  of 
mo,'e  coefficients  compared  to  the  Fourier  and  eigenvector 
expansions 

The  expansion  of  the  original  signal  Into  the  wavelet  basis 
set  can  then  be  written  as 

((X  -  Xp)  a  G(»n)I  |W(f(x-Xn),a,bj) 
h(x-b|,a]  eerror  (4) 

x=  (Xp  •  L72,  Xp  ♦  L72J, 

where  h[x-bj,a)  i$  the  basis  function  defined  fo  be  nonzero 
over  the  interval  |bj-a/2  s  x  s  bj+a/2)  and 
W{f(x-xp),a,bj)  is  the  wavelet  transform  defined  as 

W{f(x-xp),a.bj)  = 

(1/M)1«I^h[(x-b,),a)((x.Xp)  (5) 


where  G(xp)  Is  a  normalization  factor  required  for 
nonorthogonal  wavelet  expansions  (Daubechles,  t988)  here 
equal  to  unity  and  M  Is  now  the  number  of  points  In  the 
transformation  Interval  of  width  a  s  L'.  The  division  of  the 
sum  In  (2)  by  provides  the  transform  with  a 

conservation  of  energy  property. 

For  comparison  with  Fourier  and  eigenvector 
decompositions,  It  will  be  necessaiy  to  compute  the  variance 
or  energy  of  the  wavelet  transform  at  a  given  scale  a  by 
summing  over  the  different  positions  of  the  transform 

Var  (f(x-x„),aj .  I,  W2{f(x-xp),a,bj)  (6) 

The  dependence  of  Var  [f(x-Xn}.a}  on  the  dilation  scale  a 
provides  the  distribution  of  the  vertance  of  f(x-xn)  over  the 
different  scales  and  is  the  quantity  most  comparable  to  the 
coefficients  of  the  Fourier  decomposition  and  coefficients  of 
the  eige''*'ector  decomposition 
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4  EIGENVECTOR  DECOMPOSITION  IN  FCXJRIER  SPACE  Applying  the  orthogonality  of  the  sine  and  cosine  modes 

when  averaged  over  the  sampled  structure,  (11)  becomes 


We  begin  with  the  comparison  between  the  eigenvector  and 
Fourier  decomposition  of  the  covariance  between  two 
variables  li(x-xn)  f2(>t-*n)  lot  turbulent 

structure.  This  covariance  can  be  projected  onto  the 
eigenvector  basis  set 

[fl(x-Xb)  fjjx-xp  )I  =  Sp  X,  t  »(P,n) 

111  (P,x-Xn)  a(a,n)  ♦2(i,x-x„)I  ♦error  (7) 

Here  we  compute  the  eigenvectors  lor  the  two  variables 
simultaneously  by  slacking  variables  Into  one  observational 
vector  (Petersen,  1976)  to  study  the  total  lagged  covariance 
between  the  variables  Then  ^^(p.x-Xn)  and  ^2(P'’<'Xn) 
are  the  parts  or  the  eigenvector  associated  with  f^jx-Xn)  and 
fgjx-xn).  respectively  and  the  expansion  coefficient  a(p,n) 
applies  to  the  entire  eigenvector. 

To  compute  the  total  covariance  lor  the  population  of 
sampled  structures,  we  average  (7)  over  the  N  samples  and 
note  that  the  exoanslon  coefficients  lor  the  differeni 
eigenvectors  are  uncorrelated.  We  then  obtain 

(IfN)Xn  [li(x-Xn)  fjlx-Xn)]  = 

XpVar(ap)[i|i,(p,x-Xn)  ^^(P.x-Xn)!  (8) 

Var(ap)x(1/N)Z„a*(P,n)  (9) 

The  covariance  for  a  given  eigenvector  is  proportional  to  the 
energy  attributed  to  the  eigenvector,  as  represented  by  the 
square  of  the  expansion  coefficient  (9).  The  covariance  is 
also  proportional  to  the  correlation  between  the  two  parts  of 
the  eigenvector  corresponding  to  the  respective  variables  In 
the  covariance. 

For  comparison,  the  eigenvector  decomposition  can  be 
projected  onto  a  more  traditional  basis  set  (Sirovich,  198S) 
such  as  sines  and  cosines.  The  decomposition  of  the  pth 
eigenvector  for  variable  f^jx-x^)  into  a  Fourier  series  can 
be  written  as 


♦l(P.x')  = 

X^{r,p,1)iin(k,x')+B(r.p,l)eos(kfX’) 

(10) 


kf  =  2s  r/L' 

X'  =  x-xn 

where  here  A(r,p,1)  and  B(r,p,l)  are  the  coefficients  of  the 
Fourier  series  for  the  pth  eigenvector  for  variable  1 
Substituting  (10)  and  the  analogous  expression  for  fgfx-xp) 

into  the  expression  for  wlthin-sample  covariance  t8),  we 
obtain 

(1/N)X„[fl(x')f2(x1]  = 

Ip  Ver  (ip)  [(X^  A(r,p,1)  sln(k,x’)  +  B(r,p,1) 

FOs(rnX')H  X,  A(r,p,2)  eln(k,x')  +  B(r,p,2) 
coi(k|.xl)]  ♦  error  (H) 


where  the  first  sum  on  the  right  hand  side  is  over  the  P 
eigenvectors,  'he  square  brackets  again  designate  an  average 
over  the  sample  window  and  Var  (ap)  is  deOned  in  (9). 


(1/M)In  l'l(*')  f2(x')l  =  Ip  Var(ap)X,C2(r,p) 
(12) 


where 

C2(r,p)  =  A(r,p,1)  A(r,p,2)/2  ♦ 

B(r,p,1)B(r,p,2)/2 

represents  energy  of  the  pOt  eigenvector  described  by  the  rth 
Fourier  mode.  In  the  simpler  example  of  decomposition  of 
the  variance  where  fglx-x^)  •  fi  (x-xp),  the  product 
A(r,p,1)  A(r,p,2)  reduces  to  A2(r,p,1)  and  so  forth 

A  Fourier  cospectra  can  be  recovered  by  noting  that  Var  (ap) 
is  independent  of  the  Fourier  wavenumber  and  switching  the 
order  of  summation  in  (12)  In  which  case  we  obtain 

(1fN)X„  lfi(x')  t2(x')l  =  Xr  Cr*  l’^) 

where 

Cf*  =  Xp  Ver  (ip)  c2(r,p) 

This  decomposition  of  variance  In  the  Fourier  spectral  domain 
relates  the  covariance  in  each  Fourier  mode  to  the 
contributions  from  the  P  different  eigenmodes.  Therefore  the 
projections  (12,13)  show  the  relationship  between  the  scale 
dependence  based  on  the  eigenvector  decomposition  and  Ihe 
scale  dependence  based  on  the  Fourier  modes. 

5.  JOINT  DECOMPOSITION  OF  THE  DATA 

We  T;  ply  the  above  joint  decomposition  to  a  43  hour  record 
of  turbulence  collected  from  the  45  m  lower  level  in  the 
Lammeljord  experiment  (Kristensen  et  al,  1989)  curing  a 
relatively  stationary  period  of  strong  winds.  We  select  gust 
events  by  choosing  samples  centered  about  locations  of 
maxima  of  Ihe  Hoar  transform  (Mahrt  and  Frank.  1988) 
applied  to  Ihe  longitudinal  velocity  component  In  this  way 
the  samples  are  centered  about  mlcrofronts  or  zones  of 
significant  horizontal  convergence  The  transform  Is 
computed  over  the  suspected  scale  of  the  main  eddies,  about 
500  m  Here  psuedo-distance  Is  Inferred  from  Taylor's 
hypothesis  using  a  mean  wind  speed  of  12  m/s  The  500  m 
wide  samples  are  nol  allowed  to  overlap.  This  procedure 
selects  2976  samples  which  occupy  slightly  more  than  50% 
of  Ihe  record 
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Figure  2.  The  spectrum  lor  Ihe  longitudinal  velocity 
component  of  the  sampled  structures  and  the  spectrum  for  the 
mam  coherent  part  of  the  sampled  structures  as  represented 
by  the  first  eigenvector. 
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In  this  secllon.  we  decompose  only  the  lonolludinal  velocity 
component.  The  first  eigenvector  explains  60%  of  the 
variance  within  the  gust  samples  and  Is  characterized  by  a 
sharp  microfront  across  which  the  wind  increases  sharply 
with  lime  (Figure  1).  Such  structure  is  expected  from  the 
sampling  criteria.  Because  of  the  sharpness  of  the 
microfront.  the  energy  associated  with  the  first  eigenvector 
spreads  to  higher  wavenumbers  In  Fourier  space  (Figure  2). 
Since  the  shape  of  the  first  eigenvector  Is  similar  to  the  Haar 
function  most  of  the  spectral  energy  Is  In  the  odd  wave 
numbers  (The  coefficients  of  the  Fourier  transform  of  the 
Haar  function  are  zero  tor  even  wave  numbers) 

The  eloenvector  technique  la  able  to  separate  out  the 
variance  due  to  the  narrow  microfront  edoas  of  the  coherent 
parent  addles  fwhich  appears  In  the  flrst  eloenveclor)  from 
the  more  random  fine  scale  structure  which  appears  In  the 
higher  numbered  aloenvectors.  On  the  other  hand  In  the 
Fourier  transform,  the  energy  Qua  to  both  random  fine  scale 
structure.,  and  the  eddy  mlcrofronts  occur  at  hloh 
wavenumbers  in  a  non-aeparable  way.  Even  though  the 
microfront  zones  are  associated  with  mam  eddies,  they  may 
contribute  directly  to  the  energy  dissipation  without  a 
sequential  energy  cascade  to  smaller  scales. 

Figure  2  also  shows  the  total  spectrum  which  has  been 
computed  (or  each  sample  and  then  averaged.  The  difference 
between  the  total  wllhin  sample  spectrum  and  the  spectrum 
associated  with  the  first  eigenvector  Is  due  to  the  variation  of 
the  structure  of  the  gusts  between  samples  and  due  to  the 
contribution  of  smaller  scale  eddies  nol  represented  by  the 
first  eigenvector  The  envelope  of  the  spectra  associated  with 
the  first  eigenvector  Is  near  a  7/3  slope  while  the  total 
within  sample  spectra  Is  closer  to  a  S/3  slope.  The  main 
coherent  structures  represented  by  the  first  eigenvector 
contribute  most  of  their  energy  to  the  low  wavs  numbers  but 
also  contribute  a  systematic  amount  of  energy  to  the  high 
wave  numbers. 

The  second  and  third  eigenvectors  appear  more  as 
trigonometric  functions  with  wavelengths  less  than  the 
window  width  L'.  The  expansion  ooeftiolenls  lor  the 
eigenvectors  (a(p,n)  in  Eq  7)  occur  with  either  sign  with 
equal  probability.  Since  the  eigenvectors  for  hypothetical 
structures  with  random  phase  are  Fourier  modes  (Panofsky 
and  Dutton,  t9B4),  the  samples  can  apparently  be  roughly 
approximated  as  a  Haar  function  plus  Fourier  components 
with  random  phase.  Higher  order  eigenvectors  generally 
mimic  smaller  scale  Fourier  modes. 


Wavenumber  (l<L'/2rr) 


Figure  3.  The  decomposition  ot  variance  with  respect  to  scale 
for  the  'hree  decomposition  approaches 


Tho  partitioning  of  energy  between  the  different  scales  Is 
shown  In  Figure  3  for  each  c'ncomposilion  method  The  left 
side  of  the  ugure  corresponds  to  the  largest  scale  For  the 
Fourier  anc.  wavelet  transforms,  the  scale  decreases 
systematically  to  the  right  while  for  the  eigenvector 
decomposition,  the  scale  generally  decreases  to  the  right. 
Consequently,  the  difterent  decompositions  are  not 
numerically  comparable  Since  the  sample  window  contains 
64  points.  64  eigenvectors  are  generated  although  only  the 
first  eigenvector  contains  more  than  10%  of  the  energy  Each 
Fourier  mode  contains  one  coefficient  lor  the  real  part  and 
one  coefficient  for  the  Imaginary  part  so  that  the  64 
coefficients  correspond  to  32  different  wavenumbers  Even 
allowing  lor  the  fact  that  the  Fourier  decomposlllon  requires 
two  coefficients  at  each  scale,  the  eigenvector  vector 
decomposition  converges  faster  with  scale  when  summing  the 
decomposlllon  Disadvantages  of  the  eigenvector 
decomposition  are  noted  In  the  Introduction. 

The  Haar  decomposition  leads  to  63  coefficients  distributed 
over  six  different  dyadic  scales  The  variance  at  each  scale  in 
Figure  3  has  been  summed  over  the  different  subintervals  by 
using  (6).  The  Haar  decomposition  appears  to  contain  more 
energy  at  the  smaller  scales  compared  to  the  other  two 
methods  This  Is  due  to  the  fewer  number  of  wavelet  dyadic 
scales  which  at  smaller  scales  Integrate  information  from  a 
greater  number  of  wavenumbers. 


6  MULTIVARIATE  STRUCTURE 

The  actual  spatial  structure  of  the  first  eigenvector  In  the 
preceding  section  is  dictated  mainly  by  sampling  with  the 
Haar  basis  function  Therefore,  we  have  also  computed  the 
eigenvectors  ot  the  mullivanate  lagged  covariance  matrix 
constructed  from  the  th-eo  velocity  components  using  the 
samples  from  the  previous  section.  Given  the  samples 
centered  about  the  mlcrofronts  In  the  longitudinal  velocity 
component,  what  Is  the  structure  ot  the  other  two  velocity 
components?  "or  the  first  eigenvector  (Figure  4),  the 
structure  of  the  vertical  velocity  component  Is  similar  to  the 
shape  ot  the  longitudinal  velocity  component  but  smaller 
amplitude  and  characterized  by  large  negative  correlation 
with  the  longitudinal  velocity  component  This  corresponds  to 
efficient  downward  transport  of  longitudinal  momentum  The 
first  eigenvector  explains  9%  of  the  wilhin-sample  variance 
of  the  vertical  velocity.  56%  of  the  longitudinal  velocity 
variance  and  60%  of  the  momentum  flux.  Consequently,  the 
coherent  pad  of  the  samples  explain  slightly  more  ot  the 
momentum  flux  than  the  longitudinal  velocity  variance  even 
though  the  samples  are  selected  in  terms  of  the  longitudinal 
velocity  varlancel  Additional  analyses  not  reported  here  also 
Indicates  that  the  flux  is  more  intermittent  than  the 
variances  and  more  concentrated  in  the  most  coherent 
structures 
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Figure  4  Multivariate  elgen.-ectors  for  the  three  velocity 
components 
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Using  basis  functions  for  the  sample  selection  which  are 
smoother  than  the  Haar  function  produces  similar  results 
except  that  the  first  eigenvector  is  smoother  and  explains  a 
slightly  lower  percentage  of  the  flux  and  variances 
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ABSTRACT 

Research  on  the  st.'ucture  of  turbulent  boundary  layers 
over  undulating  surfaces  and  large  applied  pressure  g  adients 
turbulence  has  given  rise  to  some  clarification  of  concepts 
(validity  of  logarithmic  wall  functions,  and  when  equilibrium 
or  memory  effects  are  more  important),  new  approximate 
turbulence  models,  and  better  understanding  of  the  accu¬ 
racy  of  existing  turbulence  models  (mixing-length,  —  e, 
and  second-order)  The  aim  of  this  paper  is  to  describe  a 
few  of  these  developments  an^l  highlight  recent  developments 
(some  of  which  will  be  leportcd  at  the  meeting) 

1  LENGTH  AND  TIME  SCALES 


IS  refined  m  §2).  Ti  may  be  estimated  as 

(16) 

where  k  is  the  von  Karman  constant  whose  value  is  taken  as 
0.4. 

These  two  tirre  scales  are  of  the  same  order  of  magnitude 
at  a  height  xj  =  f  defined  by  equating  (la)  and  (lb) 

(2) 

Thence  the  perturbed  flow  tan  be  separated  into  two  legions 
(Fig.l),  whose  different  properties  can  be  defined  with  aid 
of  the  kinetic  energy  equations  Different  turbulent  models 
are  appropriate  within  the  inner  icgion  and  above  it 


We  pariuaiarly  focus  on  veiy  high  Reynolds  number 
flows  when  the  horizontal  length  scale,  X-,  of  the  variation  of 
the  pressure  gradient  is  small  compared  with  the  natu¬ 
ral  length  scale  of  adjustment  of  a  turbulent  boundary  layer,- 
which  IS  given  by  6,  =  hUiL)lu,.  where  h  is  the  boundary 
layer  depth,  U(L)  is  the  approach  flow  mean  velocity  at  the 
height  L  and  u,  is  the  upstream  friction  velocity,  further¬ 
more,  since  the  Reynolds  number  is  higi  u./U'^L)'  is  small 
(typically  from  0.03  to  0  05)  The  significant  changes  to  the 
flow  then  occur  well  within  the  boundary  layer,  in  a  region 
of  depth  i  —  Lu,IU{L)  (i  e  f  <  /i  ~  L  <  /i.).  Here  we 
focus  on  the  turbulent  processes  which  occur  close  to  a  rigid 
wall. 

In  practical  problems  the  varying  pressure  gradient  may 
arise  from  a  variety  of  different  sources,  but  the  best  specific 
example  is  the  flow  of  the  atmospheric  boundary  layer  over  a 
hill  (Fig.  1)  perhaps  surprisingly  to  laboratory  experimen¬ 
talists,  the  fine  detail  of  these  flows  is  at  least  as  well  defined 
as  laboratory  studies  especially  m  the  inner  region!  The  hiU 
has  the  effect  of  accelerating  the  flow  on  the  upwind  slope  (a 
favourable  pressure  gradient)  and  decelerating  the  flow  on 
the  downwind  slope  (an  adverse  pressure  gradient) 

The  pressure  gradient  changes  the  structure  of  the  turbu¬ 
lence  through  two  processes  Firstly,  mean  flow  is  altered 
by  the  pressure  gradient  and  hence  strains  the  turbulent  ed¬ 
dies  The  time  scale.  To,  of  these  straining  distortions  is  the 
time  taken  for  an  eddy  to  be  advected  b\  the  mean  flow  over 
the  distance  L,  i  e 

To(x3)  =  LjUix-i)  =  Lf[{u.lh)\i\{x-ijzo)],  Uo) 

assuming  the  approach  flow  piofile  is  logaiithinic  Secondly, 
the  turbulence  is  changed  by  the  interactions  between  the  ed¬ 
dies,  so  that  the  second  fundamental  time  scale  is  the  time, 
Ti,  taken  for  an  eddy  to  decorrelate  ox  turnover  Assuming 
that  at  a  height  X3  ?bove  the  surface,  the  Inige  energy  con¬ 
taining  eddies  have  a  vertical  size  of  oider  x?  (an  idea  which 


2  TURBULENCE  PROCESSES  AND  MODELS 


The  rate  of  changes  of  kinetic  energy  per  unit  mass  X*  of 
the  turbulent  velocity  fluctuations  in  a  steady  turbulent  flow 
18  given  by 


“  -  2i/u7T,7 

y  iP  ^ 


(3) 


where  s,.;  =  duijdxj  +  dujjdxt,  and  u,,  V,,  P,  p  and  v  are 
the  ith  components  of  the  fluctuation  and  mean  velocity,  the 
pressure,  density  and  kinematic  viscosity  The  relative  order 
of  magnitude  con  be  estimated  by  assuming  uTiIJ  c 
it’/ where  IS  the  dissipation  length  scales  (a  functional 
rather  than  physical  length  scale,  Hunt,  Newley  and  Weng 
1990),  and  by  considering  the  changes,  denoted  by  A(  ),  in 
each  term  when  the  boundaiy  lajer  is  perturbed  Upwind 
h-hti  and  U  »  so 


C-'oAlt  lty’ln(r,/.'i,)At- 
L _  L _ ^  dx-i _ 13 

HA  iPr 

AT 


(4) 


where  the  length  scale  for  the  diffpient  transport  term,  AT.- 
IS  of  order  t  within  the  inner  legion  and  L  m  the  outer 
region.  If  has  the  same  value  as  m  the  unperturbed 
layer,  then  f,  X3  near  the  surface  It  follows  that  when 
xslnfxa/xo)  <  T  or  X3  <  t  wheie  f  ln(f/co)  production 
and  dissipation  terms  balance  each  other  However,  when 
X3  iy  the  advection  and  production  terms  are  dominant 
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Figure  1  Schematic  diagram  of  flow  regions*  o\er  a  hill 


eind  in  the  intermediate  region  where  X3  i,  all  the  terms 
are  of  same  magnitude  This  was  examined  in  detail  using 
a  second-order  closure  model  by  Hunt  et  al.  (1990),  Newley 
(1986) 

To  investigate  the  form  of  the  solutions  in  the  inner  re¬ 
gion.  two  simple  models  have  been  used  that  are  consistent 
with  the  turbulence  being  close  to  local  equilibrium  The 
shear  stress  is  modelled  by  an  eddy  viscosity  formula 

AuTu^=  -t''^(rdAU,/dx,  (5o)' 

(i)  In  the  simplest  model,  the  closure  is  completed  with  the 
relations, 

and  =  f,  a  xj,  (56) 

and  it  is  independent  of  Au,  This  leads  to  the  mixmg- 
length  expression 

AuTu3  =  -2«u.5AC^i/5x3,  (5cj 

and  no  subsidiary  turbulence  equation  is  required 

(ii)  The  second,  more  complex,  model  involves  calculating 

k  from  a  modelled  form  of  the  turbulent  kinetic  energy 
equation,  (4)  To  account  for  the  changes  m  mean  pro¬ 
file  and  separation  it  is.  necessary  to  allow  for  ir  to  vary 
with  This  can  be  done  by  solving  another  ap¬ 

proximate  PDE  fo»‘  c.  or,  more  simply,  by  noting  tha.  in 
perturbed  shear  layers  the  length  scales  are  determined 
by  the  straining  {dUijdxj)  and  the  61ocifcin^  effect  of  the 
wall  fVom  theoretical  analysis,  cxpenmcnts  and  direct 
numerical  simulation  (Hunt  ei  al.  ,  1989)  and  higher  or¬ 
der  closure  calculation  (Hunt  ei  al.  ,  1990),  it  is  found 
that  (outside  any  viscous  wall  region  or  roughness  ele¬ 
ments) 

1/^.,.,  »  Ag/xi  +  4s  {du,/dz3)l\ft^,  (6a) 

where  {duildx^}  is  averaged  over  the  eddy  scale  and 
AB^  At  axe  coefficients  Near  the  wall  this  approximates 
(for  neutral  stratified  boundary  layer)  to 

c:  4fl/i3  +  As{duildxx)/i'l\  (66) 

Note  that  (6a)  etnd  (6b}  are  still  consistent  with  produc¬ 
tion  and  dissipation  being  m  balance 

Above  the  inner  region  where  X3  >  ^,  as  shown  by  (1) 
and  (2),  the  turbulence  is  not  m  equilibrium  with  the  lo¬ 
cal  mean  strain  rat>'  so  that  using  equations  of  the  form 
(5a)  IS  wrong  m  pr.nc’ple  and  typically  gives  thw*  wrong  sign 
for  A  ii fit's  (c  g.  over  surfeice  undulations).  However,  either 
second-order  closure  models  or  rapid  distortion  theory  can 
provide  useful  estimates  in  this  legion 


3  SPECIFIC  RESULTS  USING  THE  MODEL 

(1)  Ptriurbti  houniary  layers  very  close  to  a  ngtd  surface 

Using  the  simple  mixing-length  formula  (equation  5c)  in 
the  inner  region  only,  analytic  solutions  for  linear  perturba¬ 
tions  to  the  boundary  layer  may  be  obtained  Very  close 
to  the  surface,  when  X3  <  =  v/?ro,  the  perturbed  profile 

then  has  a  logarithmic  form' 


u,  /  ArisN  X3 

ui  ss  —  1  +  In  — 

K  V  2u2  y  ro 


For  a  hill  that  is  1km  long  and  100m  high,  with  a  roughness 
length  of  zo  =  0.01m,  the  inner  region  depth  is  ^  10m  and 

the  logarithmic  law  holds  up  to  a  height  of  order  0  3m, 
see  figure  2a.  Above  this  height,  m  the  range  £  X3  £  ^/3, 
the  streamwise  velocity,  m  the  limit  UtfUtx.  <  1.  is 


^  u,  /  Ari3^  X3 
ui  S5  —  I  +  ln-v,« 

«  V  2u»  y  rj 


see  figure  2b,  where  the  oyyarenf  roughness  length  is 

(86) 

where  7  is  Euler’s  constant  (=  0.577  •).  When  Aris/u* 

1,  as  in  the  Askervein  field  experiments  of  flow  over  a  hill, 
the  apparent  roughness  length  is  about  1/30  of  the  upstream 
value  This  agrees  with  the  field  data  of  Taylor(1990). 


I,0E+01  \  . I  . I  . . 

1.0E-f0l  1.0E-t-02  1.0E-»>03  t.0C-f04  I.OE-fOS  I.OE-fOe 

Figure  2a  Variation  of  the  heights  of  the  asymptotic  layers 
with  L. 


shows,  that  tlu*  mean  sliear  \ancs  ueai  the  wall  accoidmg  to 


Figure  2b  Streoniwise  velocity  perturbation  at  the  .rest 
of  sinusoidal  topography  in  the  inner  region  HfLssO  04, 
L/zq  =2500  andrfs=0,2 
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where  o  =  17  using  the  OML  and  71  using  the  SBML  (6a) 

The  latter  value  shows  how  sensitive  the  tuibulcnce  pro¬ 
file  18  to  sniPil  changes  in  the  production  whether  caii*-ed 
by  acceleration  or  body  force  (eg  buoyancy  or  electromag 
netic  fields),  becau'»e  any  perturbation  first  changes  the  shear 
dxi\ldi^s  hut  then  changes  C(  and  c.  which  then  rccpures 
greater  production  Typically  any  mciease  in  production  by 
a  factor  l/ln(f/r(,))  lead  to  an  increase  in  dissipation 
by  about  4/'  (Turner,  1973,  Hunt  ti  al ,  1990) 

Equation  (7)  agrees  w'ell  with  computed  profiles  of  ui 
(using  a  second-order  closure)  over  a  boundary  layer  with 
a-i  sinusoidal  pressure  p(  ji  )  caused  by  flow  over  undulating 
surface)  Note  how  the  agreement  is  better  with  the  SBML 
results,  see  figure  3 

(iv)  Turbulent  floviA  closr  to  sepamtion 

The  different  OML  and  SBML  formulae  for  i,  and  fr 
have  been  used  to  compute  turbulent  flows  that  are  just  sep¬ 
arating  on  the  downwind  slope  of  a  hump  (or  equivalently  in 
a  region  of  rising  pressure)  (Weng,  Richards  and  Carruthers. 
1989)  Figure  4  shows  that  although  (r  only  vanes  by  about 
10%  between  OML  and  SBML  formulae  this  leads  to  large 
changes  m  dru/xi,  so  that  flow  is  significantly  different,  m 
the  case  not  sepeu^atmg  and  with  other  separating  Further 
results  and  comparison  with  experiment  will  be  shown 

(v)  TurhuUnct  above  the  inner  regton 

Above  the  height  f,  at  the  value  of  /j  where  the  pertur¬ 
bations  are  maximum,  and 


dp _ ^  ft 

dxi  dxi  '  5x3 


(10) 


This  result  svggests  the  need  to  replace  wall  functions  by 
results  of  local  calculations  based  on  simple  turbulence  mod¬ 
els  with  the  correct  surface  boundary  conditions  (c/.  Rodi, 
1989) 

(n)  The  relation  between  perturbation  pressure  and  surface 

shei,r  stress 

The  mixmg-lcngth  model  (5c)  can  also  be  used  to  show 
how'  asymptotically  when  u,/Uo  <  1-  the  surface  shear 
stress  Ari3  varies  in  phase  with  the  pressure,  Ap  (Hunt  Se 
Richards,  1984)  Ari3  has  small  phase  lead  by  angle  over 
an  undulating  surface,  which  is  of  the  order  of  0(!n”*(^/^»)) 
(say  by  about  15*  -  25*  in  geophysical  flows).  Data  will  be 
shown  to  demonstrate  this  point.  Consequently  over  surfaces 
where  u^/Voo  <  1  (or  m  very  high  Reynolds  number  flow) 
the  location  of  separation  is  approximately  determined  by 
the  value  of  the  pressure  (rather  than  the  pressure  gradients 
m  laminar  flows)  which  has  been  verified  by  experimental 
and  computational  studies  (eg  Tampieri,  1987) 

(ill)  Mean  velocity  dis<n6u<»ons  near  the  surface 

The  form  of  the  perturbed  velocity  profile  Af/ifxj)  near 
the  surface  departs  significantly  from  a  logarithmic  form, 
in  ?'’ce!erating  or  decelerating  flows  In  that  co»c  the  ordi¬ 
nary  mixmg-length  (OML)  formula  (5c)  is  less  accurate  than 
using  (5a)  together  with  the  sheai -blocking  mixing-length 
(6a).  Asymptotic  analysis  of  the  kinetic  energy  equation 


Figure  3,  Comparison  of  the  mean  streamwise  velocity  per¬ 
turbation  at  the  crest  and  trough  of  a  sinusoidal  undulation 
The  value  of  the  surface  shear  stress  is  determined  from  the 
results  of  the  second-order  closure  model  (1986) 

0  »  •  second-order  closure  model  (Newley,  1986) 

—  log-law 

imxizig-*length  (log-hnear) 

_ shear-blocking  mixing-length  (log-linear) 


i/Lsi  0  x/L=3.I 


Figure  4  Vertical  distribution  of  the  mixing  length  m  the  wake  region  of  flow  over  a  Gaussain  hill 
jIx)  =  H  with  H  =  2000rg  and  L  =■  5000co 


Figure  5  Comparison  of  normalised  variances  of  turbulent  velocities  at  the  summit  of  Nyland  hill 
observations  (Mason,  1986)_  - calculation 


it  follows  from  (5a)  that  the  usual  eddy  viscosity  calcula¬ 
tion  yields  Arj3  <  0  But  in  fact,  experiments  and  second- 
order  closure  show  that  the  stretclung  of  the  eddies  leads  to 
Ari3  >  Oand  of  asmaller  order  of  magnitude, 0(ujAtfj/ui) 

Similarly  the  assumption  of  isotropic  eddy  viscosity  indicates 
that  all  the  components  of  kinetic  energy  grease,  whereas 
the  changes  in  turbulence  are  anisotropic  uf  is  reduced  and 
ul  increased,  much  like  the  changes  in  a  wind  tunnel  con- 
traction  These  changes  can  be  estimated  by  second-order 
closure  models  (eg.  Zeman  k  Jensen,  1987),  or  outside  the 
wake  region,  by  simple  formulae  derived  from  rapid  distortion 
theory 

The  new  concept  presented  here  is  that  tor  these  kind  of 
perturbed  flows  there  is  only  a  relatively  narrow  region  be¬ 
tween  the  inner  local  equilibrium  region  and  the  outer,  rapid 


distortion  .igioii,  where  all  the  complex  processes  of  turbu¬ 
lence  occur  (including  curvature  effects  over  curved  surfaces) 
If  the  details  of  the  turbulence  m  this  region  are  unimportant, 
they  can  be  estimated  by  extrapolation  between  the  outer  and 
inner  regions.  This  is  incorporated  into  a  simple  computer 
program  for  turbulence  over  undulating  terrain,  see  figure  5 

An  important  consequence  of  this  difference  in  the  turbu¬ 
lence  structure  between  the  inner  and  outer  regions  is  that  it 
effects  the  drag  force  on  undulating  terrain  surfaces  (whether 
solid  or  bquid)  because  the  drag  is  too  large  if  an  eddy  viscos¬ 
ity  model  is  applied  in  the  outer  region.  Figure  6  shows  that 
the  analytical  solution,  based  on  ignoring  shear  stress  in  the 
outer  region,  agrees  with  the  second-order  closure  calculation 
(and  force  incaflurements)  and  is  about  50%  of  the  value  of 
Ft  derived  when  eddy  viscosity  model  is  applied  throughout 
the  flow. 
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Figure  6  Vanatioii  of  drag  coefficient  with  relative  surface  roughness  for  sinusoidal  topography 

--  present  theory  (left  scale) 

variation  of  ^(=  l/ln(//ii.))  (right  scale) 

A  value  computed  with  second-order  closure  model  (Newlev,  1986) 
value  computed  with  mixing-length  closure  model  (Newley,  1986) 

0  value  computed  by  Townsend  (1972) 

•  value  computed  by  Townsend  (1980) 
c-  experimenta,  result  (Zilker&  Kanratty,  1979) 
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ABSTRACT 

We  determined  the  tensor  of  turbulent  diffusion  of 
passive  scalar  tracers  in  homogeneous  turbulence 
under  the  presence  of  shear  and  stable  density 
stratification  by  means  of  numerical  simulation 
Results  of  ONS  (Direct  Numerical  Simulation)  and 
LES  (Large-eddy  simulation)  with  Smagorinsky  clo¬ 
sure  with  similar  (mean)  viscosity  show  little  differ¬ 
ences  in  a  neutrally  stratified  flow  LES  runs  deviate 
from  DNS  runs  under  thermally  stable  stratification 
mainly  because  the  mean  turbulent  viscosity  adiusts 
itself  to  the  reduced  turbulence  activity  Only  two 
out  of  nine  tensor  components  -  the  vertical  and  the 
spanwise  diffusion  coefficient  ---  are  of  practical 
interest  for  dispersion  problems  Stable  stratifica¬ 
tion  reduces  th«  vertical  more  than  the  spanwise 
diffusivity  which  leads  to  an  enhanced  anisotropy 
of  the  diffusivity  tensor 


METHOD 

In  continuation  of  a  previous  study  (Kaltenbach, 
Gerz  S  Schumann  1991)  we  extend  the  work  of 
Rogers,  Mansour  &  Reynolds  (1989),  who  calculated 
the  dispersion  of  a  passive  scalar  in  homogeneous 
shear  flow,  to  thermally  stably  stratified  flows  By 
means  of  highly  resolving  numerical  simulation  we 
computed  the  development  in  time  of  the  turbulent 
diffusivity  tensor  Oiy,  which  relates  a  turbuleni  flux 
o1  a  scalar  fluctuation  c  to  its  mean  value 
according  to  ojc  =  -  Di((cfC/cfx,)  Horizontal  bars 
denote  a  spatial  mean  value  which  represents  an 
ensemble  mean  becau.se  of  homogeneity  In  order 
to  calculate  all  tensor  components  we  integrated 
balances  for  passive  scalar  fluctuations  c,,  c,  and 
c,  which  have  uniform  (stationary)  mean  gradients 
in  the  directions  of  the  mean  flow  (x),  the  spanwise 
direction  (y),  and  the  vertical  direction  (z),  respec¬ 
tively  (Figi)  As  Rogers  et  al.  (1989)  explained,  a 
height  dependent  source  teim  has  to  be  assumed 
in  order  to  maintain  a  stationary  mean  gradient 
dC,/cfx.  Mean  velocity  and  mean  temperature  have 
uniform  vertical  gradients 


Fig.  1  Sketch  of  the  compulatlonal  domain  with  uniform 
gradients  of  the  mean  quantities 


Buoyancy  Influence  Is  approximated  using  the 
Bou.ss/nesg-assumptlons.  Because  of  equal  molecu¬ 
lar  diffusivity,  temperature  fluctuation  T  and  scalar 
fluctuation  c,  behave  Identically  Our  code  uses 
central  differences  and  a  pseudo-spectral  approxi¬ 
mation  of  the  advection  by  the  mean  velocity  (Gerz, 
Schumann  &  Elghobashi,  1989)  We  use  a  96’  cubic 
grid,  which  allows  tor  an  initial  Reynolds  number 
=  q  ■  X„,,lv  of  44  We  extended  our  code  to  a 
LES-version  using  the  Smagorinsky  model  for  the 
subgrid  scale  stresses  u',u';  and  fluxes  which  are 
defined  by  a  box  filter  in  the  physical  space  The 
eddy  diffusivity  v,  =  (c,A)’^/0  5  Sfy  is  calculated 
with  the  mesh  size  A  and  the  local  deformation 
S,  =  dujdXi  -h  dujldx,  We  do  not  Include  the  mean 
shear  dtf/dz  in  the  calculation  of  S,  For  SGS  scalar 
diffusivity  yi  =  i’,/Pr,  we  use  Pr,  =  1  We  compare 
turbulence  statistics  of  the  resolved  scales  of  the 
LES  runs  with  the  corresponding  DNS  values  with¬ 
out  any  'defillering".  The  value  of  the  closure  con¬ 
stant  c,  =  017  was  chosen  in  order  to  produce  a 
mean  turbulent  viscosity  T,  similar  to  the  constant 
molecular  viscosity  of  the  DNS  reference  cases. 
Incidentally  it  is  close  to  the  value  0  165  deduced  in 
Schmidt  8  Schumann  (1989)  for  isotropic  turbu¬ 
lence.  LES  runs  have  zero  molecular  viscosity 
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RESULTS 

According  to  Table  1  we  performed  three  pairs  of 
simulations  at  different  Richardson  numbers 
Ri  =  W’/S’  where  N  denotes  the  Brunt-Valsala  fre¬ 
quency  and  S  the  mean  shear 


Table  1.  Simulation  parameters 


Case 

type 

Ri 

C. 

,/v 

DNSO 

DNS 

0. 

44 

LESO 

LES 

0 

0  17 

(33  4) 

DNS13 

DNS 

0  13 

- 

44 

LES13 

LES 

0  13 

0  17 

(33  4) 

DNS25 

NS 

0  25 

- 

44 

LcS25 

LES 

0  25 

0  17 

(33  4) 

Comparison  of  the  two  unstratified  cases  DNSO  and 
LESO  with  similar  (mean)  viscosity  (Fig  2h)  corrob¬ 
orates  the  findings  of  Ferziger  &  Leslie  (1979)  and 
Bardina,  Ferziger  &  Reynolds  (1983)  that  turbulence 
statistics  which  are  dominated  by  large  scales,  eg 
Reynolds  stresses  and  f'alar  fluxes,  behave  nearly 
Identical  in  both  types  of  simulations  The  develop¬ 
ment  in  hme  ^f  Uie  turbulent  kinetic  energy 
qV2  =  0  5(u’ -t- v’ +  w’),  the  sink  term  r  (dissi¬ 
pation  rate  for  DNS,  for  LES  respectively),  the 
energy  partition  correlation  coefficients  and 

the  scalar  diffusivity  ratios  DiJD,,  show  little  effect 
of  using  a  weakly  fluctuating  (v',/v,«0  3)  eddy  dif¬ 
fusivity  instead  of  a  constant  molecular  viscosity 
(Fig,  2  a-g)  More  differences  are  found  on  small- 
scale  related  statistics  like  vorticity  and  velocity- 
gradient  skewness  coefficients  Both  runs  behave 
similar  to  the  spectral  simulations  of  Rogers  et  al 
(1989)  The  initial  period  (St  <  2),  which  Is  domi¬ 
nated  by  the  dissipation,  is  followed  by  an  approxi¬ 
mately  exponential  growth  of  q’  The  mean  turbu¬ 
lent  viscosity  V,  behaves  very  similar  as  r  which 
grows  slowly  because  stages  of  quasi-isotropic 
decay  and  steady  growth  due  to  shear-production 
overlap  (Fig  2b,h)  This  slow  lime  variation  of  t  and 
subsequently  T,  is  one  cause  for  the  conformity  of 
DNS  and  LES  results  under  neutral  conditions  For 
Sf  >  6  the  flow  looks  self-similar  with  characteristic 
anisotropy  of  Reynolds  stresses  and  dif  jsivity  ten¬ 
sor  component  ratios  Self-similarity,  however, 
implies  independence  on  initial  conditions  which  is 
only  partly  fulfilled.  Strong  Influence  of  the  initial 
conditions  on  the  results  is  often  reported  (Bardina 
et  al ,  1983,  Rogers,  Moin  &  Reynolds,  1986)  We 
found  that  the  approximately  self-similar  stage  will 
only  be  reached  if  the  initial  Reynolds  number 
Rej„,>40  Simulations  with  lower  values  show 
stronger  anisotropy  which  decreases  after  several 
shear  times  (Rogers  et  al ,  1986)  Strong  anisotropy 
arises  if  the  growth  rate  of  the  momentum  flux, 
which  is  weakly  affected  by  viscosity.  Is  fast  in 
comparison  to  the  growth  of  the  vertical  velocity 
vdi lance,  which  strongly  depends  on  the  initial 


amount  of  dissipation  This  causes  |mv/v^|  >  1, 
which  is  greater  than  usually  measured  values  The 
eddy  viscosity  model  removes  energy  from  the 
small  scales  more  effectively  than  the  DNS  which 
leads  to  steeper  energy  spectra  (Fig  3a)  The 
spectral  slope  highly  depends  on  the  value  of  the 
viscosity  or  c,  respectively  Hence,  the  agreement 
of  the  observed  slope  close  to  k  ’  with  the  pred¬ 
ictions  of  Hunt  &  Carruthers  (1990)  is  rather  inci¬ 
dentally 

Analysis  of  the  spectral  energy  balance  sheds  light 
on  the  reasons  for  the  little  influence  of  SGS  par¬ 
ameterization  on  the  results  A'  shown  by  Domar- 
adzky,  Rogallo  &  Wray  (1990)  the  right  hand  side 
of  the  spectral  energy  balance  per  spherical  wave 
number  shell  k  with  thickness  Ak  =  1  of  the  unstra- 
tified  cases 

dE[k) 

=  -  S(I'„„(*)  -I-  r„„(k)  +  T„„„,„(k)  -  r 

includes  energy  production  by  shear,  linear  transfer 
due  to  mean  shear,,  nonlinear  transfer  and  energy 
dissipation  The  linear  transfer  term  is  omitted  in 
the  plot  (Fig  3c)  because  It  shows  fluctuations 
around  zero  with  large  amplitude  but  without  clear 
sign  preference.  For  wave  numbers  1  to  20,  most 
of  energy  production  (92%  j  occurs  whereas  only 
40%  of  dissipation  take  place  There  reside  82%  of 
the  kinetic  energy  At  higher  wave  numbers,  non¬ 
linear  energy  transfer  and  dissipation  approximate¬ 
ly  balance  each  other  This  detailed  analysis  shows 
again  no  significant  difference  between  LES  and 
DNS.  The  Smagorinsky  closure  has  no  back-scat¬ 
tering  characteristics  Therefore  it  only  changes  the 
energy  sink  at  small  scales  whereas  the  large  sca¬ 
les  are  unaffected  On  the  other  hand,  greater  dif¬ 
ferences  between  DNS  and  LES  of  Isotropic  decay¬ 
ing  turbulence  are  found  where  dissipation  provides 
the  largest  contribution  to  the  spectral  balance 
Reynolds  number  independence  of  a  shear  flow 
(Ferziger  &  Leslie.  1979)  therefore  means  sepa¬ 
ration  of  an  energy-producing  from  an  energy-dis¬ 
sipating  wave  number  range  which  is  more  a 
question  of  number  of  resolved  scales  than  of 
details  of  the  energy  sink.  The  number  of  resolved 
scales  Is  much  too  small  to  find  an  universal  equi¬ 
librium  range  with  Inertial  subrange  The  assump¬ 
tions  for  proper  use  of  the  Smagorinsky  model  are 
therefore  not  given  which  Is  indicated  by  the  low 
value  of  the  ratio  |S,;|/(dt//dz)  <  2  5, 1  e  mean  local 
deformation  and  overall  shear  have  the  same  order 
of  magnitude  In  contrary  to  expectation,  the  aniso¬ 
tropy  of  small  scales  is  augmented  in  the  LES  which 
seems  to  be  connected  to  the  steeper  energy  spec¬ 
trum  and  therefore  less  dissipation  on  small  scales 
(Fig  3b)  An  "anisotropy  minimum"  occurs  at 
medium  wave  numbers  where  dissipation  is  largest 


Fig  2  Turbulence  slatlstics  versug  shear  lime  §1  a) 
Kinetic  energy  q’l2  and  polenlial  energy  OSKITT  b) 
Dissipation  rate  r  tnergy  partition  d)  Shear  stress 
ratios  e)  and  f)  Normalized  diffusivlty  tensor  component 


rattos  g)  Corretatlon  coefficients  h)  Mean  turbulent  vis 
cosily  v,  and  constant  molecular  viscosity  v 
—  DNS. - LES 


— I 


other  small  scale  effects  like  counter  g.adient  con¬ 
tributions  of  momentum  or  vertical  heat  flux  In  a 
neutrally  stratified  flow  (Kaltenbach  et  al  1991)  only 
occur  if  the  energy  spectrum  slope  is  steeper  than 


SCALAR  TRANSPORT 

Rogers  et  al  (1986)  derived  an  algebraic  flux  model 
similar  to  the  second  order  closures  of  Freeman 
(1977)  and  Dornbrack  (1989)  to  predict  the  tensor 
components  D,i  from  the  Reynolds  stresses  and  the 
mean  strain-rate  dU/dz  The  diagonal  components 
D„  >  D„  >  0,.,  which  describe  gradient  transport, 
are  more  anisotropic  than  the  related  Reynolds 
stresses  bjjt  sh^  the  same  relations  in  magnitude, 
I  e  u’  >  y®  >  w’  Dll  has  two  more  components 
which  differ  from  zero,  1 0,3!  + 1  Du  I  The  tensor 
asymmetry  is  the  essential  difference  between  tur¬ 
bulent  and  molecular  diffusion  D3,  describes  a  ver¬ 
tical  flux  which  stems  from  a  horizontal  gradient,  for 
D|,  it  IS  vice  versa  Both  fluxes  make  sense  only  if 
a  gradient  In  x-directlon  exists  which  Is  not  very 
realistic,  two  parcels  which  are  Initially  vertically 
neighboured  are  soon  separated  over  a  wide  hori¬ 
zontal  distance  due  to  the  mean  advection 
Lf(z)  =  dU/dz  •  z  An  initially  round  spot  of  concen¬ 
tration  in  the  x-z-plane  soon  looks  like  an  inclined 
streak  Turbulent  diffusion  m  the  x-direction  plays 
a  minor  role  compared  to  mean  advection  There¬ 
fore,  for  practical  purposes,  constant  scalar  distrib¬ 
ution  in  x-dIrection  may  be  assumed  Then  only  On 
and  O33  are  of  interest  Generally  the  diffusion  con¬ 
cept  becomes  questionable,,  if  it  is  applied  to  prob¬ 
lems  with  streamwise  (x-direction)  varying  concen¬ 
tration  There  the  characteristic  length  scale  of  the 
resulting  vertical  concentration  profile  soon  gets 
smaller  than  the  mixing  length  of  the  turbulence, 
which  violates  the  scale-separation  assumption 


THERMALLY  STABLE  STRATIFICATION 

The  work  against  buoyancy  forces  is  an  additional 
sink  term  in  the  kinetic  energy  balance 

ag^/2  _  _ 

— r: —  =  -  Suw  -f  Riwr  -  r 

at 

For  the  present  Reynolds  number  flows  Gerz  & 
Schumann  (1991)  found  an  almost  steady  flow  state 
at  a  critical  Richardson  number  Rf„,  =  0.13  Simu¬ 
lations  with  Ri  >  Ricn  show  decaying  kinetic  energy 
Our  case  DNS13  behaves  weakly  supercritical 

whereas  LES13  approachrs  almost  a  stationary 

value  for  g’  (Fig.  2a)  More  differences  in  the  evo¬ 


lution  of  q’  and  r.  between  LES  and  DNS  are  found 
for  the  two  stably  stratiOed  simulation  pairs  than  for 
the  neutral  case  Whereas  the  mean  turbulent  vis¬ 
cosity  stays  similar  to  the  constant  molecular  vis 
cosity  of  the  ic<erence  DNS  in  the  neutral  case,  the 
reduced  turbulence  activity  causes  an  permanent 
decrease  of  V,  in  the  stratified  cases  (Fig  2h)  A* 
St=12  V  of  case  DNS25  is  twice  larger  than  V,  of 
LES2S  Correlation  coefficients  and  normalized  val¬ 
ues  like  energy  partition  and  scalar  diffusiviy  ratios 
show  again  little  difference  between  DNS  and  LES 
They  reach  stationary  values  which  implies  self-si¬ 
milarity  A  DNS  with  smaller  molecular  viscosity 
would  probably  produce  similar  results  as  this  LES, 
e  g  a  larger  Ric,„  This  point  of  view  is  corroborated 
by  the  work  of  Holt  (1990)  He  found  (hat  RiV,, 
approached  the  theoretical  value  0  25  of  the  linear 
inviscid  case  when  the  Reynolds  number  in  the  DNS 
was  increased  Whereas  the  LES  spectra  are 
steeper  than  the  DNS  spectra  in  our  neutral  cases, 
LES  spectra  show  flatter  slopes  than  DNS  spectra 
in  the  stratified  cases  at  both  Richardson  numbers 
(Fig  3e.f)  One  cause  Is  the  reduced  mean  viscosity. 
Probably  more  important  Is  the  reduction  of  the 
nonlinear  energy  transfer  due  to  the  buoyancy 
influence  (Holt.  1990)  The  small  scales  are  less 
excited  by  the  large  scales  In  the  stratified  cases 
than  in  the  neutral  case  The  constant  molecular 
viscosity  then  reduces  strongly  the  small  scales  In 
the  DNS  whereas  in  the  LES  the  reduced  v,  "cares 
for"  a  sufficient  amount  of  small  scales  to  develop 
a  constant  spectral  slope  at  the  high  wave  number 
end  Whereas  nonlinear  transfer  and  dissipation 
balance  scch  other  in  the  neutral  case,  dissipation 
IS  three  times  bigger  than  transfer  for  Ri  =  0  25  (Fig 
3c.d)  Hence  the  difference  in  small  scale  behaviour 
of  DNS  and  LES  under  stable  stratification  is  the 
same  as  In  simulations  of  decaying  isotropic  turbu¬ 
lence.  For  both  Ri  numbers  the  energy  spectra  of 
the  LES  runs  have  spectral  slopes  close  to  k“''’ 
Reducing  the  value  of  v,,  either  with  a  smaller  c,  or 
through  inclusion  of  buoyancy  influence  on  v,.  leads 
to  flatter  energy  spectra.  It  one  accepts  this,  one 
has  to  abandon  the  idea  that  the  high  wave  number 
end  extends  into  an  Inertial  subrange  Holt  (1990) 
showed  that  Ri;,,,  only  weakly  depends  on  Re  if  the 
Reynolds  number  is  high  enough  This  means,  DNS 
can  describe  flow  stages  which  are  nearly  Reynolds 
number  Independent  and  therefore  refer  to  an  Infi¬ 
nite  Reynolds  number  Our  results  suggest  that  the 
implicit  assumption  of  Infinite  Reynolds  number  for 
LES  may  not  necessarily  be  true  We  suppose  that, 
provided  the  flow  Is  not  extremly  unsteady  as  in 
decaying  Isotropic  turbulence  or  strongly  stably 
stratified  flows,  a  DNS  may  predict  similar  proper- 
Ubs  as  a  LES  of  the  same  problem 
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Fig  3  Turbulence  slalistics  versus  dimensionless  wave 
number  k  for  cases  DNSO  and  LESO  (a  c)  and  DNS25  and 
LES25  (d-f)  The  spectra  are  Integrated  over  spherical 
wave  number  shells  with  radius  k  a)  Power  spectra  of 
velocities  d)„  and  <t>.,  at  SI  =  8  (LESO  dashed)  b) 


Local  anisotropy  u,o,(k)/q’(k)  at  SI  =  8  (LESO  dashed)  c) 
Terms  of  the  spectral  energy  balance  lor  Rl  =  0  at  Sl  =  8 
(LESO  dashed)  d)  Terms  of  the  spectral  energy  balance 
for  Rl  =  0  25  at  St  =  8  (LES25  dashed)  e)  Kinetic  energy 
spectra  of  DNS25  I)  Kinetic  energy  spectra  of  LES25 


12-4-5 


The  momentum  flux  ratio  iiw/q’  and  other  statistics 
which  are  related  to  vertical  velocity  fluctuations 
show  strong  buoyancy  influence  (Fig  2d-g)  Derby¬ 
shire  &  Hunt  (1991)  argued  that  at  high  Riymolds 
numbers  the  shear  stress  ratio  -  uw/w’  only 
weakly  depends  on  Ri  We  find  a  strong  decrease 
from  ~  1  at  Ri  =  0  to  ~  0  5  at  Ri  =  0  25  Again  there 
IS  no  significant  difference  between  DNS  and  LES 
The  scalar  diffusivity  ratio  Cji/D,,  changes  from  0  5 
at  R(  =  0  to  0  1  at  R/  =  0  25  The  spectral  energy 
balances  of  the  stably  stratified  cases  reveal  that 
buoyancy  acts  on  large  scales  similar  as  the 
momentum  flux  (Fig  3d)  Whereas  the  absolute 
values  of  each  contribution  deviate  considerably  in 
DNS  and  LES  at  the  same  time  due  to  different  flow 
histones,  caused  by  changes  in  viscosity  the  rela¬ 
tive  weights  of  the  balance  terms  are  similar  in  DNS 
and  LES  Holt  (1990)  defined  a  transient  Richardson 
number  which  separates  a  shear  dominated  from  a 
buoyancy  dominated  flow  regime  For  Ri  > 
many  quantities  show  oscillating  behaviour  caused 
by  exchange  of  kinetic  energy  and  potential  energy 
0  5  Ri  fr  The  diffusivity  tensor  component  ratios 
are  no  longer  stationary  values  which  simply 
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CONCLUSIONS 

Numerically  simulated  neutrally  and  moderately 
stratified  shear  flows  with  Ri  <  R/„,,„,  reach  self-si¬ 
milar  stages  with  constant  energy  partition  on 
velocity  components  and  diffusivity  tensor  compo¬ 
nent  ratios  These  are  large-scale  related  quantities 
which  only  weakly  differ  between  high  resolution 
direct  numerical  simulation  or  LES  A  LES  of  Sma- 
gorinsky  type  has  similar  properties  as  a  DNS  with 
comparable  molecular  viscosity  as  long  as  the 
energy  containing  scales  are  well  resolved 
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ABSTRACT 

Design  studies  are  being  conducted  with  the  aim  of  con* 
structmg  a  very  large  telescope  (0  16  m)  to  observe 
the  night-time  sky.  A  numerical  model  is  developed  to 
calculate  the  temperature  structure  function  on  top  of 
the  mountain  and  the  results  are  compared  to  measure¬ 
ments  The  model  consists  of  an  equation  for  the  wind- 
components,  where  the  turbulence  model  is  the  well- 
known  €  —  E  model,  an  equation  for  the  temperature 
variance  and  its  dissipation.  From  the  values  for  e  and 
£#  we  derive  the  temperature  structure  function 

c’  =  1 6  £,  £-‘'^  (1); 

(Wyngaard  et  al,  1971).  The  numerical  results  were  com¬ 
pared  to  Cf  derived  from  the  fine-scale  temperature  fluc¬ 
tuation  measurements  The  results  show  the  impressive 
achievement  of  this  model  despite  its  severe  approxima¬ 
tions 


INTRODUCTION 

The  European  Southern  Observatory  (ESO)  wants  to 
construct  a  new  Very  Large  Telescope  (VLT)  in  Chile 
They  are  looking  for  a  mountain  with  optimal  conditions 
for  observation  purposes.  This  means  that  the  wind  and 
turbulence  fields  have  to  meet  certain  criteria  For  the 
contract  the  wind  field  was  modeled  over  some  chosen 
sites  with  WASP  (TVoen  et  al,  1989)  Also  some  possi¬ 
ble  alterations  m  the  site  were  considered  like  cutting 
the  top  of  the  mountain.  The  other  part  of  the  contract 
here  described  comprised  modeling  the  ‘seeing’,  which 
IS  a  function  of  the  temperature  structure  function 
The  question  concerned  the  possible  effects  of  different 
mountains  on  the  seeing. 


DESCRIPTION  OF  THE  MODEL 


U,U; 
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u,9^ 


1 au? 


K  ^ 
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^'*61 


M.e*  =  -K, 


dz 


-2Kk 


dxj 


(2), 


where  Kg  =  K,  =  Kmht  and  ~  qK^ 

The  constants  cr,  and  o'*  are  called  Prandll  numbers 


Substituting  these  flux  modeling  in  the  ‘flow’  equations 
for  stationary  flow  without  buoyancy  effects  we  have  for 


momentum' 


El 

dXi 


^(k 


(3) 


kinetic  energy 


*  dz, 


(4) 


temperature  variance' 


The  situation  at  the  telescope  site  to  be  considered  is 
nighttime  flow  over  a  steep  hill,  without  separation  We 
confine  ourselves  to  situations  with  higher  winds  so  that 
the  stability  is  weakly  stable  In  such  situations  the  ef¬ 
fect  of  the  orography  on  the  wind  is  much  larger  than 
the  stability  effects,  and  the  buoyancy  terms  in  the  ‘flow’ 
equations  (U,  E,  e)  can  be  neglected  This  means  a  de¬ 
coupling  from  the  ‘temperature’  equations  (T, 

As  stationarity  is  required  we  do  not  solve  the  temper¬ 
ature  equation,  which  is  basically  instationary  tn  stable 
Situations,  but  assume  that  the  temperature  profile  is 
lifted  over  the  hill. 

In  our  two  equation  (E-f)  turbulence  model  the  fluxes 
are  approximated  by  a  gradient  approach  with  en  eddy 
diffusivity  Km  =  c,*^. 


The  modeling  of  the  dissipation  equation  can  be  found 
in  Hanjalic  and  Launder,  1972 


The  modeling  of  the  thermal  dissipation  equation  can 
be  found  m  Newman  et  ai,  1981:- 


a  ,  a  /Kkac,\^  „  faeVc  < 
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- TTfnjiwr 
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CONSTANTS  IN  THE  EQUATIONS 

The  constants  m  the  ‘flow’  part  of  the  model  for  the 
atmosphere  (Duynkerke,1982)  can  be  determined  to  be 
=  A-^  =  (5  48)-^  =  0  033,  c.a  =1  83,  c,i  =  1  46  and 
(T,  =  2  38 

The  neutral  and  stable  surface  layer  profiles  found  on 
flat  terrain  (Businger,1971)  satisfy  the  equation  For 
the  £#  equation  the  situation  becomes  too  involved  if 
stability  IS  taken  into  account  and  in  this  model  the 
coefficients  arc  tuned  to  the  neutral  situation  It  follows 
that 


uje; 


■  (0  74)’  (0  74)’  (0  74)' 


0 


(8) 


We  assumed  that  =  o',  =  2  38  There  are  various  so¬ 
lutions  to  this  equation  We  tested  {<ii,02,a3}={l,l,I),, 
{2.36,2  02, 1  5)  and  {5,3  38,3  38}  for  the  atmosphere, 
where  the  second  combination  keeps  uj  as  given  by  New¬ 
man  and  the  other  two  combinations  are  chosen  such 
that  the  ui  arc  wide  apart.  We  found  that  the  results 
for  the  temperature  structure  function  Cf ,  (our  ultimate 
goal)  are  the  same  on  flat  terrain  no  matter  what  the 
constants  are 


Wyngaard  1973,  page  128  finds  from  measurements  for 
the  neutral  and  stable  case 

C'T^  =  2“(l  +  2t(|)h 

which  for  neutral  stability  with  k  —  A  reads 

=  2  66  and  which  has  m  very  stable  limit 
=  u.76fl 


Using  the  surface  layer  profiles 


u.e; 
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where  the  stability  parameter  (  and  Monin-Obukhov 
length  L  are  given  by 


^  V 

I  -  Qo  _  Qq 

aj  ijjffo  ay  0, 


in  the  scaling  equation  for  C\ 


(12) 


The  weakly  stable  profiles  turned  out  to  be  close  to  a  so¬ 
lution  of  the  £#  equation  with  these  sets  of  coefficients,  in 
the  sense  that  only  slight  changes  in  Cf  occurred  down¬ 
stream. 


TEMPERATURE  STRUCTURE  FUNCTION 


Cl 


(13) 


For  stable  conditions  we  have  the  stability  functions  are 
=  1  -f  4  7^  and  =  .75  +  4.7{.  This  gives  the 
measured  neutral  limit  mentioned  above  if  7  =  3  6  and 
the  very  stable  limit  if  7  =  2  3 


The  temperature  structure  function  is  defined  as 

(9, 

rs 

and  can  be  related  to  the  3D  temperature  spectra  St 
normalized  as 


Sr{k}d(k) 


Scaling  the  temperature  spectrum  with  the  parameters 
of  the  inertial  subrange  gives  (Tennekes  and  Lumley, 
1984  p.  283  with  St  ~  2Ej) 


Srik)  - 


Here  et  is  defined  (as  before)  to  be  the  rate  of  dissipation 
of  half  the  temperature  variance 

Prom  the  definition  of  St  and  Cj  it  follows 

Cl  =  -re,e-i,.  (10) 

where  Tennekes  and  Lumley’s  variables  (1984)  give  7  = 
2.4,  Dutton  and  Panofsky  (1983,  pl82)  7  =  28  and 
Wyngaard  et  al  (1971)  7  =  3.2.  All  authors  agree  that 
the  constants  are  very  difficult  to  measure  and  a  factor 
2  in  uncertainty  11  not  uncommon 


In  our  model  we  calculate  with  neutral  (^rrv  and  stable 
thus 

q  =  2.66  [1  +  2.4(1]  [.75  +  4.74)-'  (14) 

E.g.  for  (  =  I  we  have  7  =  1  6.  If  necessary,  a  different 
value  of  7  can  directly  be  applied  to  the  results  by  a 
simple  scaling  if  the  Cj  axis  and  all  conclusions  are  still 
true  in  a  relative  sense 


INNER  LAYER  THEORY 

The  relation  between  the  wind  profile  at  the  lop  and  the 
inlet  profile  m  2D  cases  can  be  described  by  inner  layer 
theory  (Jackson  and  Hunt,  1975). 

For  a  hill  with  height  /i,  width  L  and  roughness  zq 

=  2^  and  (15) 

-  2fc/L,  (16) 

t  is  the  inner  layer  height  where  the  speedup  5  is  max¬ 
imum. 


With  an  inlet  Uo  the  differemial  speedup  is  defined  as 


RESULTS 


Our  model  will  show  that  the  changes  m  €i  arc  much 
smaller  than  the  ones  m  £  If  f  at  the  top  >s  taken  equal 
to  the  inlet  (frozen  thermal  turbulence)  and  inserting 
surface  layer  scaling  for  f  we  get 

=  1  6£,£-i  =  1  6t,—  (18) 

u. 

Applying  inner  layer  theory  we  get  with  x*  the  x-coordi- 
nate  of  the  inlet  and  X|  the  x-coordinate  of  the  top 

'  W. 

with 

Clix,,  £  =  i)  =  ^  ^0  75  +  |4  7^  (19b) 


These  results  are  only  valid  in  case  =  oo  The  in¬ 
fluence  of  finite  Ly  is  not  taken  into  account  For  finite 
Ly  the  flow  can  go  around  the  hill  and  the  turbulence 
increases  less  than  m  the  2D  case.  This  means  that  the 
temperature  fluctuations  do  not  get  mixed  so  efficiently 
and  it  18  expected  that  the  seeing  is  higher  than  pedicted 
by  2D  inner-layer  theory 

THE  PU  MODEL 

The  pressure  that  drives  the  flow  over  a  hill  of  small 
slope  can  be  approximated  by  the  potential  pressure 
(Prandtl’s  boundary  layer)  The  correct  way  of  proceed¬ 
ing  would  be  to  write  the  flow  equations  in  a  boundary 
following  coordinate  system,  fhe  assumption  that  the 
pressure  is  potential  is  only  valid  for  small  slopes  and 
we  will  make  a  next  assumption,  also  based  on  this  fact. 
We  stretch  the  surface  of  the  hill  into  a  straight  line  and 
assume  that  wc  can  keep  the  Cartesian  flow  equations  in 
this  coordinate  system  while  keeping  the  pressure  as  de¬ 
scribed  by  the  potential  pressure  We  therefore  assume 
that  no  transformation  of  the  flow  equations  is  neces¬ 
sary  or  in  other  words  that  the  extra  terms  due  to  the 
curvature  of  the  coordinate  system  are  small 

From  the  equation  of  notion  for  potential  flow  we  can 
easily  derive  an  expression  for  the  horizontal  Fourier 
transform  of  the  pressure  P{k,z) 

p(k,  h  <xp(- 1 1 1  z)  .  (20) 

Ine  pT(  ceJure  is  as  follows  We  specify  the  height  of 
tne  terrain  h{x,y)  and  Fourier  transform  this  into  h{k). 
Substitution  and  a  back  Fourier  transformation  give 
P{x,y,z).  The  value  of  the  background  wind  uo{z)  will 
be  taken  at  a  height  z  ^  c\k  as  used  in  Troen  and 
de  Baas  (1987).  The  constant  c  gives  a  tuning  freedom 
With  this  the  pressure  is  determined  and  kept  fixed  in 
the  further  pror^Mmg^ 


THE  PU-MODEL  APPLIED  TO  2D  FLOW  OVER  HILLS 

Fiwt  the  constant  in  the  potential  pressure  formulation 
was  tuned  against  the  Askervein  measurements.  The 
vertical  wind  profile  at  the  hill  top  and  the  wind  at  10 
m  height  across  the  hill  were  checked  against  the  mea¬ 
surements  A  good  accordance  was  found  for  c  =  1 

Then  the  model  could  be  \  ^sted  against  the  2D  inner 
layer  theory  These  equations  were  confirmed  and  it  was 
indeed  found  that  the  inner  layer  height  i  is  independent 
of  the  height  of  the  hill  and  the  maximum  speedup  is 
independent  of  the  oughness 

The  PU-model  was  c'iec)»ed  against  the  second-order 
model  of  Zeman  and  Jensen  (1987)  which  also  accounts 
for  curvature  effects  Buih  models  use  a  potential  pres¬ 
sure  The  results  for  a  low  slope  Lorenzian  hill 

r+(i/i)>’' 

w  Te  compared  with  /i  =  50  m,  L  =  250  m  and  z^  = 

0  03  m.  Speedup,  kinetic  energy  and  dissipation  profiles 
before,  at  and  after  the  hill  top  were  compared  (Fig  1). 

Wc  can  see  that  the  second  order  model  gives  more  dif¬ 
ference  in  the  speedup  as  function  of  downwind  distance. 
The  profiles,  also  the  ones  for  kinetic  energy  and  dissi¬ 
pation,  differ  most  behind  the  hill.  However,  considering 
the  much  larger  sophistication  of  the  Zeman  and  Jensen 
mode)  the  overall  agreement  is  much  better  than  ex¬ 
pected. 

We  conclude  that  the  E-£  turbulence  model  is  very  use¬ 
ful  and  that  the  violation  of  the  flow  equations  without 
making  the  correct  boundary  following  coordinate  trans¬ 
formation  18  of  minor  importance 


Fig  1  Comparison  of  the  E-c  model  (solid  lines)  and 
the  second  order  model  by  Zeman  and  Jensen 
(dashed  lines)  for  a  Lorenzian  hill  with 
A=50  m,  L  =  250  m,  and  Zq  =  0.03  m 
a)  speedup,  b)  kinetic  energy,  c)  dissipation 
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THE  ‘FLOW’  AND  EMPER>  TUPE’  EQUATIONS 
APPLIED  TO  FLOW  OVER  HiLLS 


Ch&ractenstic  for  &  nonneutral  boundary  ia>'er  is  that 
the  heat  flux  at  the  ground  is  non-zero,  while  zero  at 
the  top.  In  a  hnmogeneous  terrain  th.s  means  that  the 
diffusive  term  in  the  temperature  equation  is  non-zero 
and  the  solution  is  necessarily  nonstationary  However,- 
to  reduce  the  output  of  our  model  we  restrict  ourselves 
to  statioL.  rv  situations  and  arc  thus  forced  to  consider 
only  constant  flux  regions  (surface  layers).  These  regions 
extend  to  heights  that  are  luckilv  sufficient  for  our  pur¬ 
pose  of  predicting  the  seeing  in  the  first  lOOm 

With  the  analytical  inlet  profiles  of  0*,  e#,  the 
fields  calculated  with  the  PU  model  and  the  analytical 
T  ficid  throughout  the  «  omain,  we  solve  the  equations 
for  0^  and  c#  and  derive  The  equation  for  £4  contains 
three  constants  with  a  wide  variety  possible  This  gave 
us  the  opportunity  to  tune  the  constants  to  the  mea¬ 
surements  made  at  La  Silla  (VLT  report  no  55,  p88)  In 
our  model  La  Silla  is  described  by  a  Lorenzian  hiP  with 
h=300  m,  L,=l  km,  £y=100  km,  20=  01  m,  and  th** 
measurenicnt  conditions  by  u«s  6  m/s  and  s  0  09K. 


The  different  set  of  constants  tried  are  : 

set  !  :  {01,03, as}  ={1,1,1},- 

set  2  :  (oi,  03, 03}  ={2  36. 2.02, 1  5}  and 

set  3  ■  {01,03,03}  ={5,3  38,3.38} 

The  different  0}  profiles  at  the  top  of  the  hiU  for  set  1, 
2  and  3  are  shown  in  Fig.  2. 

Only  set  1  gives  the  undisturbed  flow  at  higher  heights 
in  this  case  of  stable  flow  over  a  hill  (not  shown  here) 
The  set  {01,03,03}  ={1,1,1}  represents  the  data  best  if 
the  constant  7  in  the  C}  relation  to  e  and  c#  (Eq(8)) 
IS  set  equal  to  7=1.6.  Set  2  would  require  a  larger  7 
causing  unrealistic  values  for  C]  at  higher  heights.  The 
reverse  is  true  for  set.  3  Here  smaller  values  are  required 
whereas  the  theory  discussed  before  indicates  that  7 
should  rather  be  larger 

We  settle  for  the  combination  of  set  1  and  7=1.6 


Fig  2.  Measurements  (•)  and  calculated  profile 
of  the  temperature  structure  function 
C?{z)  (m 

on  top  of  La  Silla  modelled  by  a  Lorenzian  hill 
with  h~Z00  m,  oj=l000  m,  2^=100000  m, 

2o=  01  m,  u,=  58  m/s 

for  different  constant  :#ets  {01,03,03} 

m  the  ct  equation 

set  1  {01,03,03}  ={1,1,1},' 

set  2  joi,  03,03}  ={2  36,2  02, 1  5}  and 

set  3  ■■  {01,03,03}  ={5,3  38,3  38}. 

O  inner  layer  results. 
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MODELI.ING  OF  LA  6\V  A,  PARANAL,  MONTURA 
AND  ARMAZONI 

Different  mountains  in  Chile  were  considered  as  poten¬ 
tial  sites  for  the  VLT  and  measuring  campaigns  were 
set  up.  A  first  preliminary  modeling  of  the  mount^ns 
Paranal,  Armazoni  and  Montura  is  made  with  Loren- 
zian  shapes  The  combinations  of  variables  determining 
the  hill  shape  are  chosen  so  that  La  Silla,  Paranal,  Mon¬ 
tura  and  Armazoni  were  approximated  as  best  we  could 


heigth  (m)' 


heigth  (m) 


mountain 

h 

z. 

( 

AC^ 

eWT 

La  Siila  ' 

300  m 

1  km 

100  km 

01  m 

6  m 

62 

3  84 

Paranal 

600  m 

1  km 

1  km 

1  m 

14  m 

45 

1  59 

Montura 

300  m 

1  km 

5  km 

05  m 

11  m  1 

62 

2  59 

Armatoni 

300  m 

i  km 

1  km 

01  m 

6  m 

62 

3  84 

Measurements  are  found  in  VLT  report  No  55  and  VLT 
report  No  62,  p  106,  Fig  4  72  The  model  results  fit  the 
data  very  well  (Fig.  3) 


heigth  (m) 


heigth  (m) 


Fig.  3.  Measurements  (•)  and  calculated  profile  of  the  temperature  structure  function  C}(z)  (in  10“^ 

a)  on  top  of  La  Silla  modelled  by  a  Lorenziwi  hill  with  =  300,  1000,  100000,  .01  m  and  u*  -  58  m/s 

b)  on  top  of  Paranal  modelled  by  a  Lorenzian  hill  with  —  600,  1000,  1000,  .1  m  and  u*  =.87  m/s 

t)  uu  tup  uf  Muuluta  iitudelled  by  a  Lorcnzian  hill  with  —  300,  1000,  500,  05  m  and  u«  =.75  m/s 

d)  on  top  of  Armazoni  modelled  by  a  Lorcnzian  hill  with  =  300,  1000,  1000,  .01  m  and  u*  =.58  m/s 

O  inner  layer  results 
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ever  in  order  to  catch  influences  of  heat  flux  dif¬ 
ferences  occuring  due  to  roads  and  buildings  we 
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front  and  behind  obstructions  as  well  as  the  temperature 
distribution  in  the  air 
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ABSTRACT 

CalculaQons  are  presented  which  contrast  the  performance  of 
eddy  viscosity  and  second  moment  closure  turbulence  models  for 
conhned  flows  dominated  by  jei-on-jet  impingement.  Flow 
conflguranons  relevant  to  gas-ttubine  and  ramjet  side-dump 
combustors  arc  chosen,  with  emphasis  laid  on  two-dunensional 
systems,  one  plane  and  one  axi-symmecnc,  to  allow  sufflctenily 
fine  meshes  to  avoid  numerical  errors.  The  particular  second 
moment  closure  adopted  is  the  Gibson-Lauiider  Reynold  stress 
transpon  model,  usmg  two  alternative  sets  of  constants  in  the 
pressure-strain  model  For  the  axi-symmettic  case,  the  second 
moment  closure  performs  significantly  better  than  the  eddy 
viscosity  model,  improved  predictions  are  obtained  for  both  the 
strength  of  recirculation  upstream  of  impingement  and  the  rate  of 
recovery  of  the  downstream  velocity  profiles.  This  is  attributed 
to  the  much  improved  resoluuon  of  the  highly  anisotropic 
turbulence  field  created  at  impingement  Much  smaller 
differences  between  the  two  models  are  seen  in  the  plane  flow 
case.  This  is  shown  to  be  partly  cai'sed  by  the  flow  being  more 
pressure  dominated  in  the  plane  geometry.  Evidence  also  exists 
however  to  indicate  the  presence  of  large-scale  periodic 
osciilauons  which  are  not  well  modell^  by  any 
long-ome-avetaged  closure. 

INTRODUCTION 

Many  fluid  flow  systems  which  require  lapid  mixing  mvolve 
the  impuigement  of  two  or  mote  fluid  streams.  In  ramjet 
side-dump  combustors  and  in  all  gas-turbine  combustors, 
multiple  air  jets  disinbuled  around  the  periphery  of  a  flame  tube 
ate  n^ally  injected  to  impinge  on  each  other,  creating  both  a 
mean  flow  pattern  conducive  to  flame  stability  (leciiculaung 
prunary  zone  vortex)  and  a  high  turbulence  fleld  to  encourage 
tapid  fuel/air  mixing.  The  abiLty  to  predict  the  nubulence  levels 
in  the  primary  zone  impingement  area  is  an  essential  pre-requisite 
for  any  useful  mathemaucal  model  of  such  systems,  since  diis  is 
the  'environment'  into  which  the  fuel  is  injected.  As  a  tet  step, 
we  may  examine  the  turbulence  environment  created  by  the 
impingement  process  under  isothennal  condibons  and  without 
fuel  injection,  to  avoid  complications  arising  horn  variable 
density,  combustion  and  fuel  spray  modelhng.  Koutmos  and 
McGuirk  (1989)  have  petfortned  an  LDA  study  of  this  region  m  a 
model  gas-turbme  combustor  and  noted  the  highly  anisotropic 
natuie  of  the  turbulence  at  unpuigemenq  radial  and  azimuthal 
normal  stresses  were  typically  twice  as  large  as  the  axial 
component.  Attempts  to  predict  this  flow  with  a  two-equation 
eddy  viscosity  model  (k-e)  (Koutmos  and  McGuirk  (1$^1)) 
failed  to  reproduce  this  feature,  leading  to  a  large  underpredicuon 
(>  100%)  of  the  level  of  turbulence  activity  in  the  jet-on-jet 
impingement  rone.  It  must  be  suted  however  that  the  3D  nature 
of  the  flow  and  the  correspondingly  rather  coarse  meshes  which 
were  used  did  leave  some  doubt  that  all  numencal  eirors  had  been 
completely  eliminated  from  the.se  results.  A  second  moment 
closure  route  is  likely  to  be  in  a  much  stronger  position  to 
reproduce  the  laige  turbulence  anisotropy  in  such  flows,  but 
since  obtaining  a  numencally  accurate  solution  of  the  Reynolds 
stress  equations  in  a  3D  recirculating  flow  is  cuirently  a  daunting 
•ask.  It  is  felt  that  recourse  should  fust  be  imuic  to  an  anempt  to 
address  this  problem  in  a  2D  flow. 

Fortunately,  the  mam  features  of  jet-on-jet  impingement  can 
be  reproduced  in  two  dimensions  Measurements  are  available  in 


both  an  axi-symmemc  (Green  and  Whitelaw  (1980))  and  a  plane 
flow  (Miau  et  al  (1989),  Liou  and  Wu  (1990)).  The  former  was 
intended  to  be  an  idealised  2D  version  of  an  annulus-fed  can-type 
gas-turbine  combustor,  whilst  the  Liter  flow  resembles  more  that 
found  in  ramjet  combustois,  Sunilarly  amsolropic  turbulence 
fields  at  impingement  have  been  measured  as  in  the  fully  3D  flow 
of  Koutmos  and  McGuirk  ( 1989).  One  further  feanire  which  has 
also  been  noted  in  the  plane  2D  flow  impingement  is  the  presence 
of  bi-modal  pdf  s  of  the  velocity  components.  Jet  flapping  or 
periodic  insuibility  of  the  impingement  process  itself  have  been 
suggested  as  the  ongin  of  these.  It  is  not  known  to  what  extent 
the  3D  impingement  process  is  also  subject  to  such  phenomena, 
although  the  2D  system  may  be  more  prone  to  strong  flapping 
modes.  Such  phenomena,  if  present  to  any  significant  level  in 
energy  terms,  will  contribute  to  the  level  of  'tuibulence' 
measiir^  and  hence  the  anisotropic  structure,  whilst  being 
impossible  to  predict  with  long-ume-averaged  closure  models  of 
any  level. 

The  turbulence  smicture  of  jet-on-jet  impingement  flows  is 
therefore  seen  to  contain  quesQons  of  imponance  to  both  practical 
combustor  designers  and  turbulence  model  developen  and  users. 
The  purpose  of  the  present  paper  is  lo  use  the  two  zD 
impuigement  flows  mentioned  above  as  a  testing  ground  for 
addressing  the  question:  to  what  extent  can  a  second  moment 
closure  model  improve  on  the  ability  to  predict  the  impingement 
zone  turbulence  levels  (and  the  mean  velocity  field  which  these 
influence)  compared  with  an  eddy  viscosity  level  of  closure'’ 


MATHEMA'nCAL  MODEL  AND  COMPUTATIONAL 
DETAILS 

The  flows  considered  are  all  high  Reynolds  number,  constant 
property,  incompressible  flows,  govern^  by  the  mean  flow 
equations: 
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The  constanis  involved  in  the  second  moment  closure  model 
were  imnally  adoncd  unchanged  from  the  woik  of  Gibson  and 
Launder  (1978).  Some  calculations  were  however  earned  out 
using  the  alternative  set  of  constants  suggested  by  Gibson  and 
Younis  (1986/  for  the  pressure-strain  component  (i.e.  C,=3.0, 
CfC.i  as  opposed  to  C,»1.8,  C^^O.S)  and  some  comments  are 
included  below  on  this,  m  the  results  presented,  no  terms  for 
wall-reflection  have  so  far  been  included  into  the  pressure-strain 
model 

The  equations  were  solved  using  an  iterauve  flnite-volume, 
pressure-cairection  method  which  adopted  grid-staggrnng  for 
both  the  velocity  components  and  the  Reynolds  shear  stresses  for 
numerical  siability  reasons.  The  convecuon  terms  ui  gU  equaoons 
were  discreused  using  the  second-order  accurate  QUICK 
method.  For  the  present  2D  flows,  sufficiently  fine  meshes 
could  be  used  such  that  the  cell  Peclet  numbers  were  small 
enough  that  the  QUICK  method  caused  no  spaual  osciUauon  or 
boundedness  problems.  On  the  fine  mesh,  maximum  cell  Peclet 
numbers  were  of  order  100  in  the  k-e  calculations  and  SOOO  m  the 
Reynolds  stress  predictions.  The  only  convective  stabihsing 
measure  adopted  therefore  was  to  remove  all  negative  coefliaent 
contributions  into  the  source  terms  in  the  algebraic  equations  to 
retain  the  diagonal  dominance  of  the  mamx.  As  an  example  of 
the  grid-dependancy  tests  carried  out  Fig  1  shows  results  for  the 
axi-symmemc  problem  discussed  below. 

Coarse,  medium  and  fine  meshes  were  used,  the  results  are 
sensibly  grid-independent  on  the  fine  mesh  (122x83),  with  the 
turbulence  quantities  most  sensitive;  maximum  changes  were 
less  than  10%  on  the  fine  mesh  which  was  therefore  used  in  all 
further  predictions.  The  current  2D  calculations  do  not  therefore 
suffer  tom  any  doubts  concerning  numerical  error  as  the  3D 
calculations  of  Koutmos  and  McGuirk  (1989),  and  true 
turbulence  model  compansons  are  possible.  It  should  be  noted 
that  high  Reynolds  number  log-law  based  wall  functions  were 
used  fex  the  near-wall  cells,  and  care  was  taken  to  retain  the 
near- wall  mesh  lute  at  the  same  position  during  the  mesh 
refinement  process 

RESULTS  AND  DISCUSSION 


It  ss  than  a  quarter  upstream,  with  almost  stagnant  fluid  filling  the 
remainder  of  the  cavity.  Clearly  the  amount  of  jet  fluid  which 
conmbutes  to  the  upstream  eddy  is  an  important  parameter  in  the 
context  of  combustor  modelling,  with  the  Reynolds  stress  model 
indicating  a  weaker  backflow  than  the  k-e  model.  Which  is  the 
more  correct  is  assessed  below  by  companson  with 
measurements  of  the  axial  velocity  profiles  taken  at  the  dashed 
lines  indicated  on  Fig.  3.  Both  models  predict  the  effect  of  the 
annulus  velocities  on  the  inflowing  jet  trajectory  to  allow  fluid  to 
flow  into  the  upstream  2S%  of  the  slot  width,  again  the  Reynolds 
stress  model  indicates  this  effect  to  be  somewhat  weaker. 

Fig.  4  aliows  a  quantitauve  assessment  of  the  accuracy  of  the 
two  models  by  comparing  predicuons  with  measured  mean  axial 
velocity  profiles  at  several  stations  both  up-  and  downstream  of 
the  slot  (the  ongin  of  the  x-co-ordinate  is  at  the  slot  centre; 
quantities  are  non-dimensionalised  by  the  downstream  bulk 
velocity  and  the  tube  diameter)  The  Reynolds  stress  predictions 
are  seen  to  be  in  closer  agreement  with  the  data  at  all  stations 
(extra  profiles  have  been  taken  from  Green  (1981).  In  particular 
the  weaker  upstream  recirculated  flow  predicted  by  the  second 
moment  closure  is  vindicated  by  the  measurements  The  rate  of 
mixing-out  of  the  profile  as  it  proceeds  towards  a  developed 
pipeflow  shape  is  also  better  in  the  Reynolds-stress  predictions 
Examination  of  the  fib  shear  stresses  predicted  by  the  two  models 
showed  that  the  k-e  model  produced  positive  values  in  the  region 
of  the  tube  wall  and  a  negative  zone  in  the  vicimty  of  the  axis  for 
the  enure  downstream  region  (consistent  with  the  velocity 
gradients).  The  Reynolds  stress  model  on  the  other  hand  shows 
the  positive  values  spreading  rapidly  towards  the  axis  and 
positive  shear  stresses  over  the  whole  radius  from  about  one  slot 
width  downstream  of  impingement.  This  change  in  the  sign  of 
the  dominant  shear  stress  has  brought  about  the  improved  profile 
shapes. 

The  too-slow  rate  of  mixing  in  the  k-e  prediction  may  also  be 
a  result  of  the  undeiprediction  of  the  turbulence  levels  generated 
by  the  impingement  process.  Only  measurements  of  the  axial 
normal  sness  are  available,  and  tliese  are  compared  with 
predictions  in  Fig.  5  on  the  basis  of  normalised  turbulence 
intensity.  Although  the  Reynolds  stress  model  does  reduce  the 
underptwcuon  implied  by  the  eddy  viscosity  calculations, 
(mcreasmg  levels  typically  by  a  factor  of  2),  the  results  still  fall 
far  short  of  the  measurements,  paiticularly  m  the  unpmgement 
zone.  The  possibility  that  large-scale  unsteadiness  is  contributing 
to  this  deficiency  cannot  be  excluded,  particularly  given  the  close 
agreement  in  the  mean  velocity  profiles  in  this  region  shown  in 
Fig.  4.  Further  downstream  the  Reynolds  stress  predictions  are 
considerably  better,  showing  close  agreement  with  measured 
stress  levels  at  the  two  furthest  downstream  stations,  with  the 
eddy  viscosity  predictions  being  a  factor  of  two  in  error  It  may 
also  be  noted  here  that  the  use  of  the  Gibson  and  Younis 
pressure-strain  constants  imp^ed  the  stress  level  predictions 
slightly,  by  about  10%,  but  did  not  alter  the  impingement  zone 
behaviour.  One  final  feature  of  impingement  is  the  anisotropy  of 
the  turbulence  structure  Fig.  6  indicates  that  the  Reynolds  stress 
model  reproduces  the  anisotropy  well,  with  the  two  transverse 
normal  stresses  2.5  times  the  axial  level  The  k-e  model 
producesonly  a  factorof  1.5,  with  all  three  levels  lower. 


Initial  calculations  were  made  for  the  2D  axi-symmetnc 
geometry  of  Green  and  Whitelaw  (1980)  shown  in  Fig.  2.  The 
flow  configuration  composed  a  slot  entry  into  a  cylinfeal  tube, 
with  an  upstream  cavity  representing  the  head'  of  the  combuswr. 
Measurements  were  availaUe  at  the  annulus  entrance  wMch 
avoided  the  need  to  calculate  the  flow  over  the  domed  head,  but 
allowed  the  flow  from  the  small  height  annulus  through  the  slot 
to  be  part  of  the  predictions.  Fig.  3  displays  the  predicted 
strealduie  flow  patterns  using  the  k-e  niodel  and  the  second 
moment  closure.  Noticeable  differences  appear  in  all  three 
recuculation  zones  present;  in  the  upstream  head  cavity,  in  the 
downstream  annulus  and  in  the  separation  zone  near  the  tube  wall 
in  the  wake  of  the  bent-over  jet.  'The  second  moment  closure 
predicts  tighter,  stronger  and  nailer  recirculation  patterns  for  the 
fust  two  zones,  but  an  elongated  jet  wake  separation  zone  In  the 
head  cavity  panicularly,  large  differences  are  observed;  the  eddy 
viscosity  model  shows  a  recirculation  which  fills  the  available 
space  and  indicates  a  solid  body  recirculation  pattern  The 
Reynolds  stiess  model  on  the  other  hand  shows  the  upstream 
edge  of  the  inflowing  jet  to  produce  an  eddy  which  penetrates 


Turning  to  the  2D  plane  flow  geometry  of  Liou  and  Wu 
(1990),  a  sketch  of  the  flow  configuration  and  predicted  particle 
path  trajectones  with  the  two  models  are  given  in  Fig.  7  This 
flow  differs  from  the  first  in  possessing  parallel  side  inlet  ducts 
and  a  smaller  upstream  cavity.  Inlet  notation  information  was 
available  one  duct  height  upstream  of  the  jet  exits,  so  that  flow  in 
the  inlet  duns  itself  was  part  of  the  calculation,  allowing  an 
upstream  effect  on  the  exit  velocity  profiles.  Chice  again  the 
stress  model  seems  to  predict  a  dinerent  nature  to  the  upstream 
eddy,  although  the  short  duct  length  for  the  combustor  head  no 
longer  allows  the  size  to  differ,  'fhe  velocity  profile  shape 
through  the  eddy  is  significai  •'/  different  however,  k-e  predicts 
a  clear  solid  body'  rotation  throughout  the  eddy  whereas  Reynolds 
stress  displays  this  only  at  the  very  eye  of  the  vortex,  with 
unifoiui  vclutily  in  the  outer  regions. 

Velocity  profile  information  is  available  at  the  four 
downstream  stations  marked  m  Fig.  7.  In  contrast  to  the 
previous  case,  very  little  difference  is  now  observed  (see 
Fig.  8)  between  the  two  turbulence  models  for  either  axial  or 
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transverse  velocities  The  Reynolds  stress  model  predicts  a 
Sleeper  velocity  gradient  in  the  shear  layer  on  the  ^gc  of  the 
downstream  recirculation,  end  this  is  closer  to  measured  data,  but 
the  larger  separation  zone  in  ii.e  second  moment  closure 
prediction  is  not  borne  out  by  the  measurements  Similarly  close 
predictions  between  the  two  models  are  obtained  for  the  normal 
stress  levels  which  are  therefore  not  shown  here  The  transverse 
normal  stress  is  substantially  underpredicted  on  the  symmetry 
plane  (a  factor  of  2).  Together  with  the  occurrence  of  non-zero 
transverse  mean  velocity  on  the  central  plane  m  the  measurements 
(see  Fig  8),  this  encourages  the  belief  that  large-scale  jet  flapping 
across  this  plgne  is  occunng  and  some  of  this  unsteadiness  is 
appearing  as^  turbulence  It  /cl  This  is  further  supported  by  the 
evidence  from  additional  measurements  in  the  geometry  reported 
by  Liou  ct  al  (1990)  of  bi-modal  pdfs  of  the  transverse  velocity 
in  the  same  region  Clearly  the  use  of  a  true  symmetry  plane  in 
the  calculations  and  long-time  averages  over  all  scales  of  motion, 
wiM  cause  problems  when  trying  to  predict  flows  with  such 
strong  osciUaticHis.  Finally,  the  axiaJ  momentum  equation 
budgets  along  the  centre-planes  of  the  two  flows  shown  in  Fig  9 
indicate  that  ^though  the  impingement  region  is  highly 
pressure-dominated  in  both  flows,  this  also  applies  in  the  rest  of 
the  downstream  region  in  the  plane  flow,  whereas  the 
Reynolds-stress  gradient  provides  a  non-neghgible  contribution 
in  the  axi-symmctnc  case.  The  plane  flow  does  not  therefore 
allow  the  benefits  of  the  second  moment  closure  to  be  displayed 
for  both  the  above  reasons,  whereas  it  seems  the  cylindrical  flow 
suffers  less  from  such  problems 

SUMMARY 

(i)  Gnd  independent  predictions  have  been  obtained  using  the 
(jUICK  convection  scheme  for  k-e  and  Reynolds  stress 
models  applied  to  two  confined  flows  containing  jet-on-jet 
impingement  zones 

(u)  Little  difference  was  observed  between  the  two  altcmanvc 
sets  of  pressure-strain  constants  recommended  for  the 
Gibson  and  Launder  second  moment  closure. 

(rJ)  For  the  axi-symmetnc  case  studied,  although  the 
impingement  region  was  pressure-dominated,  the 
presence  of  an  annulus-fed  system  and  a  large  upstream 
cavity  allowed  the  superior  prcdicQon  of  the  turbulence 
field  provided  by  the  Reynolds  stress  model  also  to 
improve  predictions  of  the  mean  velocity  field  The  higher 
levels  of  anisotropy  and  turbulence  energy  and  the 
dc-coupling  of  the  shear  stress  from  the  velocity  gradient 
produced  a  better  prediction  of  the  recovery  region 
downstream  of  impingement. 

(iv)  For  the  plar?  flow  case,  pressure  domination  extended 
over  almost  the  entire  impingement  and  recovery  zones 
In  this  flow  however  there  were  several  indications  of 
the  presence  of  large-scale  flow  oscillations  which  were 
not  possible  to  predict  with  the  calculation  methods 
adopted 

(v)  Jet-on-jet  impingement  zones  in  3D  may  not  suffer  from 
such  strong  oscillations,  and  will  therefore  benefit  from 
the  improved  predicnvc  accuracy  of  second  moment 
closures.  This  will  be  true  in  the  scalar  fields  into  which 


the  turbulence  feeds  even  if  pressure  effects  provide  some 
inscnsmviiy  in  the  velocity  field.  If  oscillations  arc  still 
impi^tant  then  the  second  moment  calculations  wUl  at 
least  need  to  abandon  use  of  symmetry  conditions  and 
adopt  solution  of  the  transient  form  of  the  equations  to 
capture  these  effects 
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Figure  1  Grid  dependency  tests  -  axi-symmetnc  problem 

(a)  ccnirc-lmc  mean  axial  velocity  and  turbulence  energy  ( Q*  medium  mesh,  A  -  fine  mesh) 

(b)  radial  profile  of  turbulence  energy  near  impingement  ( o*  coarse  mesh.A-  medium  mesh,  X  -  fine  mesh) 
(coarse  •  62x33,  medium  *  96x58.  fine  -  122x83) 


Figure  2  Flow  configurauon  •  axi*symtnctnc  problem 
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Figure  3 


PrrdirffH  srrralfline  patterns  It-g  mrvtel  (top)  and  semnd  moment  rlosurc  model  (bottom) 
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Figure  4  Companson  between  measurements  and  model  prcdicDons  for  axial  velocity  profiles 
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Figure  5  Companson  between  measurements  and  model  predictions  for  axial  nornial  stress  inicnsiiy 
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Figure  6  Individual  normal  stress  predictions  near  impingement  k-t  model  (left)  and  second  moment  model  (nghi) 
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igure  7  Flow  configiiranon  and  predicted  streaklinc  patterns,  plane  problem,  kc  (top),  second  moment  model  (bottom) 


AXIAL  VELOCITY  PROFILES 


TRANSVERSE  VFLCX^ITY  PROFILES 


Figure  8  Conipanson  between  measurements  and  model  predictions  for  axial  and  transverse  velocity  profiles 
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Figure  9  Budgets  of  axial  momentum  equation  along  ccntre-lme,  plane  flow  (left),  axi-symmetnc  flow  (nght) 
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ABSTRACT 

The  flow  through  an  axisymmelric  inlet  port  was  investigated 
experimentally  and  numerically.  Laser-Doppler  anemometry 
was  used  to  measure  the  three  ensemble-averaged  mean  and 
rms  velocity  components  for  two  valve  lifts,  6  and  20  mm. 
Numerical  calculations  of  the  flows  were  carried  out  using 
a  finite  volume  multigrid  method  and  a  standard  k-t  turbu¬ 
lence  model  Comparison  of  the  predictions  with  the  experi¬ 
mental  results  shows  good  agreement  for  the  mean  velocities 
for  the  10  mm  lift  case.  However,  for  the  6  mm  lift  case  the 
predicted  flow  differs  substantially  from  the  experimental 
results  This  indicates  the  extreme  sensitivity  of  the  flow  to 
the  valve  lift  and  the  need  for  more  sophisticated  turbulence 
modelling  when  predicting  such  flows. 


INTRODUCTION 


In  the  design  of  medium  and  high  speed  diesel  engine  inlet 
ports,  the  two  major  considerations  are  the  volumetne  effi¬ 
ciency  of  the  engine  and  the  mixing  of  fuel  and  ait  The 
requirement  to  improve  fuel  economy  often  conflicts  with 
the  need  to  reduce  harmful  exhaust  emissions;  both  are 
affected  by  the  mixing  of  air  and  fuel  and  the  breathing 
capacity  of  the  engine,  which  in  turn  depends  on  the  design 
of  the  inlet  port.  The  study  of  the  air  motion  through  ports 
IS  thus  essential  if  port  design  is  to  be  optimised. 

Most  studies  of  air  motion  in  internal  combustion  engines 
have  been  restricted  to  the  flow  inside  the  engine  cylinder,, 
partly  due  to  experimental  and  computational  difficulties  m 
dealing  with  the  flows  inside  inlet  ports.  From  such  studies. 
It  has  been  found  that  flow  unsteadiness  and  valve  operation 
have  a  negligible  effect  on  the  flow  through  the  port  and 
around  the  valve,  but  the  valve  lift  was  identified  as  having 
a  sigmficant  effect  on  the  flow  (Bicen  et  al,  1985).  The 
present  work  makes  use  of  the  demonstrated  validity  of  the 
quasi-steady  flow  assumption  so  that  measurements  and 
predictions  can  be  made  with  sigmficantly  reduced  esxperi- 
mental  and  numencal  complexities. 

In  the  present  study,  which  is  pan  of  a  long  term  investiga¬ 
tion,  the  flow  through  an  idealised  port  design  is  considered 
in  order  to  study  the  effects  of  essential  features  of  port 
design  under  relatively  simple  conditions.  In  this  way  the 
influence  of  geometrical  parameters  such  as  seat  width,  valve 
lift  etc.  can  be  effectively  quantified. 


The  work  constitutes  an  extension  of  that  previously  reported 
by  Demirdiid  et  al  (1987).  In  the  present  geometry  the  valve 
seal  width  is  larger  and  the  recirculation  regions  along  both 
the  seat  and  crown  are  also  larger  and  have  a  more  signifi¬ 
cant  effect  on  the  flow.  While  m  the  earlier  study  the 
experimental  results  at  both  inlet  and  outlet  cross-section 
were  used  as  bouiidary  conditions  for  calculations  and  only 
one  valve  lift  was  considered,  here  a  full  prediction  without 
reference  to  experimental  data  was  attempted. 


APPARATUS  AND  EXPERIMENTAL  TECHNIQUE 

The  test  section  geometry  is  shown  in  Figure  1.  In  order  to 
enable  optical  access  to  all  parts  of  the  flowfield  without 
beam  refraction,  a  mixture  of  liquids  was  used  as  the  wor¬ 
king  fluid  Oil  of  turpentine  and  letraline  were  mixed  in  a 
volume  ratio  of  31.3  to  68.7.  The  resulting  density  and 
kinematic  viscosity  of  the  fluid  were  899  kg/n^  and  1.67xl0‘ 
m?ls  respectively.  The  temperature  of  the  liquid  was  con¬ 
trolled  to  *1-0.02  "C  throughout  the  experiments.  The 
refractive  index  of  the  mixture  al  23  "C  was  1.4892,  which 
matched  the  refractive  index  of  the  acrylic  material  of  the 
test  section  In  this  way,  the  beams  could  enter  the  port  and 
cylinder  without  suffering  deflection  at  the  walls  It  has  been 
previously  established  (Cheung  et  al,  1990)  that  the  flow  of 
the  mixture  through  the  port  is  dynamically  similar  to  that 
of  air,  subject  to  an  upper  limit  where  compressibility  effects 
will  become  sigmficant.  The  mam  features  of  the  steady  flow 
ng  and  of  the  experimental  procedures  have  been  described 
by  Tindal  et  al  (1988). 

The  test  section  was  placed  downstream  of  a  constant  head 
tank.  In  the  absence  of  any  swirl  generation,  the  magmtude 
of  the  tangential  component  was  near  zero  (to  within  the 
precision  of  the  measurements).  The  liquid  flowed  through 
the  port  and  valve  discharging  into  the  cylinder  The  flow 
rate  was  1.742x10’  nf Is.  The  flow  Reynolds  number,  based 
on  the  hydraulic  diameter  of  the  annular  passage  around  the 
valve  guide,  26  5  mm,  was  24600. 

The  laser-Doppler  anemometer  is  shown  schematicaily  in 
Figure  2.  It  compnsed  a  10  mW  Helium-Neon  laser,  a  rota¬ 
ting  diffraction  grating  and  a  frequency  counter  (TSI  model 
1990B)  for  processing  the  Doppler  signals.  The  ensemble- 
aveiagcd  data  were  processed  by  a  microcomputer  interfaced 
to  the  digital  output  of  the  counter,  and  the  mean  and  r.m  s 
velocities  were  calculated  for  a  preset  number  of  samples 
The  errors  in  the  mean  and  r.m.s.  velocity  measurements  are 
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estimated  at  5%  and  10%  respectively.  The  principal  charac¬ 
teristics  of  the  anemometer  are  listed  in  Table  1 


Table  1:  Principal  characteristics  of  the  laser-Doppler 
anemometer 


Half-angle  of  beam  intersection  in  air 

3.9- 

Frequency-tO'Veloary  conversion  constant, 
mIsIMHz 

4.65 

intersection  volume  diameter  at  l/e2  intensi¬ 
ty  (mm) 

0.060 

Intersection  volume  length  at  l/e2  intensity 
(mm) 

1.320 

Number  of  fringes  in  intersection  volume 
without  frequency  shift 

13 

NUMERICAL  SOLUTION  METHOD 

Calculations  were  performed  using  a  fimte  volume  method 
(Demtrdl!i6  and  Periii,  1990)  with  a  full  multigrid  algonthm 
for  convergence  speedup  (Periif  et  al,  1989).  Three  grid  levels 
were  used  with  54  x  16,  108  *  32  and  216  *  64  control 
volumes,  respectively.  Figure  3  shows  the  coarsest  gnd  (a) 
and  an  enlarged  section  of  the  finest  grid  (b).  A  standard  k-t 
turbulence  method  was  employed  (Launder  and  Spalding, 
1974).  The  convection  and  iffusion  fluxes  were  discretized 
with  second  order  central-differences,  except  (or  the  k  and 
e  equations  where  upwind  scheme  was  used  for  the  discreti¬ 
zation  of  convection  fluxes.  The  ILU-decomposttion  method 
of  Stone  (1968)  was  used  as  a  solver. 

The  standard  wall  functions  were  employed  to  specify  the 
boundary  conditions  at  walls  (Launder  and  Spalding,  1974). 
Due  to  the  relal  vely  low  Reynolds  number  of  the  flow, 
further  systematic  gnd  refinement  could  not  be  done  without 
violating  the  wall  function  boundary  condition.  Outlet 
boundaty  was  placed  far  enough  downstream  for  zero 
gradient  extrapolation  to  be  justifiable.  At  the  inlet  cross- 
section  -  which  was  also  placed  sufficiently  far  upstream  of 
the  valve  passage  -  only  the  flow  rate  and  variable  values 
typical  for  plug  flow  were  specified.  The  sensitivity  of  the 
results  to  the  inlet  boundary  cordi'ions  was  checked  by 
imposing  also  the  fully  developed ,  -nulus  flow  conditions, 
wlucb  were  obtained  in  a  separate  calculatton:  the  solution 
was  not  sigmficantly  affected  in  the  region  of  interest  The 
numencal  results  represent  thus  a  pure  predicuon  of  the  flow: 
comparisons  with  experiments  were  not  used  to  tune  the 
calculation  results 


RESULTS  AND  DISCUSSION 

Measurements  of  the  three  ensemble-averaged  mean  and 
r..T..s.  velocity  compoiieiiis  and  turbuiem  snear  stress  were 
performed  for  a  dense  matnx  of  measurement  points  covenng 
the  whole  cylinder  cross-section  from  z  =  -  5  mm  to  z  =  25 
mm  The  valve  lifts  of  6  mm  and  10  mm  were  chosen  to 


represent  two  of  the  four  main  flow  regimes  occurmg  in  the 
valve  passage  (cf  Tindal  et  al,  1988):  one  with  a  separation 
from  the  valve  head  (6  mm)  and  one  with  a  separation  from 
the  valve  seat  (W  mm)  At  an  intermediate  valve  lift  the  flow 
separates  from  both  valve  head  and  seat,  and  at  low  lifts 
there  is  no  separation  in  the  valve  passage. 

The  velocity  vectors  obtained  (tom  the  axial  and  radial 
component  mean  velocity  measurements  with  valve  lifts  of 
6  and  10  mm  ate  shown  m  Figures  4  and  5,  respectively.  In 
both  cases  the  flow  emerges  through  the  velve  as  an  annular 
jet.  It  strikes  the  cylinder  wall  around  20  mm  downstream 
of  the  cylinder  head  with  the  6  mm  lift,  while  with  the  10 
mm  lift  the  impingement  point  moves  about  10  mm  further 
downstream.  Two  large  recirculation  regions  are  formed,  one 
on  either  side  of  the  incoming  annular  jet.  The  recirculation 
below  the  cylinder  head  shows  higher  velocities  than  that 
below  the  valve.  Differences  between  the  flows  obtained  with 
the  different  valve  lifts  are  found  primarily  in  the  vicimty  of 
the  valve  passage.  These  differences  stem  from  the  aforemen¬ 
tioned  variation  of  the  flow  pattern  with  valve  lift  (Kastner 
et  al,  1963;  Tindal  et  al,  1988). 

Predicted  streamlines  and  isobars  for  the  10  mm  valve  lift 
are  shown  m  Figure  6  (a)  and  (b),  respectively.  Comparisons 
with  earlier  experimental  results  of  Tindal  et  al  (1988) 
indicate  that  the  flow  in  the  region  upstream  of  the  valve 
passage  is  well  predicted,  including  small  features  such  as 
the  recirculation  region  at  the  end  of  the  valve  guide,  cf  Fig. 
6  (a).  The  flow  measured  in  one  cross-section  in  this  region 
(z  =  -  20  mm)  is  also  in  good  agreement  with  predictions. 
Tindal  et  al  (1988)  also  showed  that  the  flow  in  the  port  is 
not  sigmficantly  affected  by  the  valve  lift  which  was  also 
found  in  the  present  measurements  and  predictions 

The  axial  and  radial  mean  velocity  profiles  measured  with 
a  valve  lift  of  10  mm  are  presented  and  compared  with  the 
corresponding  predicted  profiles  in  Figures  7  (B,b)  and  (c,d), 
respectively.  The  predicted  axial  component  profiles  are  in 

a  good  agreement  with  experimental  data  at  all  cross-sec¬ 
tions;  the  radial  component  shows  somewhat  larger  discre¬ 
pancy  in  the  jet  impingement  region.  The  agreement  is 
especially  good  inside  the  two  main  recirculation  regions. 
The  secondary  eddy  in  the  corner  of  the  cylinder  head  and 
wall  shown  in  Fig  6  (a)  is  also  indicated  by  the  measured 
velocity  profiles  in  this  region,  cf.  Fig  7  (a). 

Contours  of  the  measured  kinetic  energy  of  turbulence,  k,  are 
shown  in  Fig.  8  for  the  10  mm  valve  lift  flow  The  values 
of  k  vary  from  0.04  m^ls^  away  from  the  jet  region  to  0.4 
near  the  centre  of  the  jet  The  values  are  low  near  the 
exit  of  the  port  and  they  increase  as  the  flow  passes  through 
the  valve  passage.  The  values  of  k  continue  to  increase  in 
the  jet  region  as  it  spreads.  The  levels  in  the  vortices  are 
consistently  lower  than  in  the  jet  region;  in  the  recirculation 
region  along  the  cylinder  head  the  levels  increase  progressi¬ 
vely  from  the  valve  seat  ,o  the  wall.  The  predicted  and 
measured  profiles  of  k  are  compared  in  Fig.  9  for  three 
typical  cross-sections.  While  the  qualitative  agreement  is 
noticable  everywhere,  the  data  and  predictions  agree  quantita¬ 
tively  only  m  the  recirculation  region  beneath  the  valve  The 
turbulence  levels  near  the  wall  are  siginificantly  under¬ 
predicted  for  both  valve  lifts.  One  of  the  reasons  for  this  is 
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thought  to  be  the  instabilities  present  in  the  flow,  which  are 
known  to  exist  for  both  steady  and  unsteady  flow  regimes, 
cf  Yianneskis  et  al.  1989,  These  amount  to  what  is  often 
termed  "flapping"  of  the  jet  and  will  result  in  broadening  of 
the  velocity  distributions  and  thus  in  an  increase  of  the 
turbulei.ee  levels  indicated  by  ensemble-averaged  measure¬ 
ments.  The  measurements  of  the  normal  stresses  indicated 
that  the  flow  inside  the  cylinder  is  strongly  anisotropic, 
especially  for  a  distance  of  30  mm  from  the  cylinder  head 
Further  downstream  and  in  the  pon  the  turbulence  is  approxi¬ 
mately  isotropic,  which  was  also  found  by  Tindal  ei  at,  1988. 

Figure  10  shows  predicted  streamlines  for  the  6  mm  valve 
lift  flow,  The  separation  at  the  valve  head  observed  in  the 
experiment  is  not  predicted  and  hence  a  lower  jet  angle  and 
longer  reattachment  length  then  in  the  experiment  resulted, 
cf.  Fig  4  This  IS  also  evident  from  the  comparison  of 
predicted  and  measured  axial  and  radial  velocity  component 
profiles  shown  in  Fig  11.  Due  to  the  missing  valve  head 
separation,  all  downstream  profiles  differ  substantially  from 
the  measured  ones 

Since  for  both  valve  lifts  the  same  solution  method,  the  same 
equations  and  the  same  grtds  were  employed,  it  is  obvious 
that  the  above  disagreement  is  due  to  the  incapability  of  the 
standard  k-t  turbulence  model  to  mimic  the  change  in  the 
flow  regtme  when  the  valve  lift  is  reduced.  The  reasons  for 
this  might  lie  in  the  stronger  acceleration,  streamline  curvatu¬ 
re  and  pressure  gradients  at  lower  lifts  Future  studies  will 
involve  variation  of  turbulence  modelling  (low-f?e  k-t  and 
Reynolds  stress  models)  tn  order  to  clarify  the  above  uncer- 
tainity 

CONCLUSIONS 

Steady  turbulent  flows  through  an  axisymmetric  port  and 
poppet  valve  assembly  were  investigated.  The  mean  velocity 
and  turbulent  kinetic  energy  were  measured  by  laser-Doppler 
anemometry  and  then  compared  with  corresponding  predic¬ 
tions  obtained  with  a  multigrid  fimte  volume  numerical 
method. 

The  results  obtained  with  valve  lifts  of  6  and  10  mm  show 
that  the  mean  flow  and  turbulence  structure  ate  similar  in 
both  cases;  the  flow  is  essentially  that  of  an  annular  jet 
surrounded  by  two  axisymmetric  ring  vortices.  There  are 
differences  in  the  flow  in  the  valve  passage  due  to  the 
separation  from  the  valve  head  at  lower  lift;  this  separation 
affects  sigmficantly  the  annular  jet  leaving  the  gap,  especi¬ 
ally  Its  direction  and  hence  the  size  of  main  recirculation 
regions. 
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The  predictions  show  good  quantitative  agreement  with  the 
mean  flow  data  for  the  10  mm  valve  lift  case,  but  differ 
significantly  for  the  6  mm  lift  case  This  discrepancy  appears 
to  stem  from  the  incapability  of  the  employed  standard  k-t 
turbulence  model  to  predict  the  small  separation  at  the  valve 
head.  The  distribution  of  the  turbulent  kinetic  energy  is 
qualitatively  well  predicted,  but  the  levels  aie  subsianlially 
underpredicted  near  the  cylinder  wall.  It  is  anticipated  that 
this  IS  caused  partly  by  the  instabilities  present  in  the  flow 
leaving  the  valve  which  are  not  accounted  for  in  the  model-; 
ling. 
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Companson  of  predicted  axial  (a)  and  radial  (b) 
velocity  components,  6  mm  valve  lift 
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ABSTRACT 

In  a  negative  corona,  barbed-wirc,  smooth-plate 
electrostatic  precipitator  the  nommifori.i  electrostatic  field 
represents  a  three^imensional  vorticity  source  distribution 
acting  on  the  charged  gas  flow 

At  large  values  of  the  electrical  Froude  number  Fe,  the 
ratio  of  fluid  inertia  to  electrical  force,  LDA-expenments 
show  that  the  fields  drive  regular  secondary  flows  of  low 
turbulence  intensity,  in  the  form  of  rolls  of  axial  vorticity 
supc. posed  the  axial  bulk  flow  As  Fe  decreases  rms-values, 
normalized  by  bulk  velocity,  increase  dramatically, 
suggesting  the  presence  of  large  scale  vortical  structures  and 
turbulence  At  small  values  of  Fe,  the  amplitude  of 
rms-velocity  appears  to  be  limited  by  viscous  effect 

The  model  problem  of  a  three-dimensional  harmonic 
vorticity  source  distribution  acting  on  a  unit  cell  with 
through  flow  has  been  studied  numerically  by  solving  the 
Navier-Stokes  equations  in  the  velocity-vorticily 
formulation  Results  reveal  a  complex  steady  vortical 
structure  at  zero  flow,the  unsteady  vortical  structure  at  low 
values  of  Fe,  and  the  steady  regular  roll  pattern  at  high 
values  of  Fe, 


1  INTRODUCTION 

In  the  common  wire-plate  electrostatic  precipitator,  a 
particulate-laden  gas  flows  horizontally  past  a  row  of 
vertical  wire  electrodes  placed  along  the  center  plane  between 
grounded  plates  The  axial  bulk  velocity  is  typically  0  5-3 
m/s  and  plate  spacing  0  2  -  0  4  m.  For  power  plant 
applications  the  electrodes  are  usually  energized  to  negative 
polarity  DC-voltage  in  the  range  30-60  kV,  and  corona 
points  of  discharge  are  often  fixed  at  pins  along  electrodes 

In  the  laboratory  precipitator  we  employ  fine  pins, 
equally  spaced  along  wires  that  are  thin  to  minimize  wake 
effects  (figure  1)  The  current  density  is  then  localized  to 
these  pins,  and  the  body  force  density  f,  (being  proportional 
to  the  local  current  density  J)  becomes  steady  and 
three-dimensional  and  may  drive  secondary  flows 
Specifically,  since  an  irrotational  body  force  field  merely 
contributes  by  a  pressure  gradient,  it  is  the  vorticity  source 
n  =  Vxff  of  the  electrical  force  density  that  may  drive  such 
flows 

For  the  precipitator  geometry  of  figure  1,- at  high  values 
of  the  bulk  flow,  it  may  be  shown  (Larsen  1986)  that  weak 
sources  of  y-  and  z-vorticity,  seen  by  the  moving  fluid  to 
alternate  in  sign,  have  a  vanishing  effect  on  the  mean  flow 
However,  weak  sources  of  x-vorticity,  being  of  one  sign 
although  of  varying  strength  along  a  given  cell,  persistently 
drive  secondary  flows  in  the  form  of  rolls  of  axial  vorticity 

This  pattern  of  secondary  flows,  shown  schematically  in 
figure  1,  has  been  found  earlier  by  laser  sheet  visualization 
and  by  LDA-expenments  (Thomsen  et  al  1982,  Larsen  & 
Christensen  1988)  Figure  2  shows  a  typical  vertical  traverse 
of  the  y-component  of  velocity  v(z)  at  two  axial  locations  in 
the  duct  The  flow  is  directed  towards  the  wall  at  level  of 
pins  and  away  from  the  wall  at  level  between  pins  The 
aforementioned  earlier  results  have  also  shown  that  the 
strength  of  the  rolls,  as  well  as  the  associated  rms-velocity 
fluctuations,  increase  with  increasing  electrical  field  for  fixed 


bulk  velocity  For  a  given  field,  rms-velocities  also  mtrease 
with  decreasing  bulk  velocity,  a  fact  also  noted  by  Leonard, 
Mitchner  k  Self  (1983)  It  is  anticipated  that  the  observed 
rise  111  rms-velocity,  observed  at  one  point  of  the  flow,  starts 
as  an  inviscid  flow  phenomenon,  but  being  limited  m 
amplitude  by  viscous  effect 

From  the  equations  of  motion,  the  inviscid  instability  of 
the  gas  flow  should  be  characterized  by  the  electrical  Froude 
nuniber,  the  ratio  of  fluid  inertia  to  electrical  force,,  which 
may  be  expressed  in  two  forms  (Larsen  k  Christensen  1988) 

Fe  =  i!iU?/(LyJ„/b)  or  Fe  =  pU^/(L?f).)  ,  (1) 

where  Uo  is  the  axial  bulk  velocity,  p  the  fluid  density,  Ly 
the  electrode-to-wall  distance,  J*  is  a  representative  mean 
current  density,  say,  that  at  the  plate  electrode,  and  it  is 
related  to  the  electrical  force  by  J  =  bT,,  where  b  (2  2  1x10'* 
m*/Vs  for  air)  denotes  the  ion  mobility;  is  an  appropriate 
norm  of  fl  =  Vxfe  Here,  J,,  can  be  readily  measured  while 
values  of  D*  rely  on  numerical  solutions  of  the  field 
eq.„aions  In  addition,  inertia  relative  to  viscous  effects  are 
governed  by  a  Reynolds  number.  Re  =  pUoLy/p,  where  p 
denotes  the  dynamic  viscosity  Unsteady  phenomena 
associated  with  bulk  convection  past  electrodes  spared  Lx 
apart,  may  be  scaled  by  time  Lx/U,,  Finally,  geometry 
effects,  not  studied  here,  involve  also  the  pin  spacing  2-lz 
(figure  1) 

It  is  the  purpose  of  present  study  to  elucidate  the  nature 
of  the  shear  flows  of  an  electrostatic  precipitator  for  a  range 
of  electrical  Froude  numbers,  partly  by  LDA-expenments 
and  partly  by  a  numerical  study  of  a  related  model  problem 


Figure  1  Precipitator  geometry,  0.3  m  wide  by  0  6  m  high 
test  section  with  barbed  wire  electrodes,  observed  rolls  of 
secondary  flow,  and  computational  box,  (Lx,  Ly,  Lj)  = 

(0  1  m,  0  15  m,  0,05  m). 
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llif  l.ilj(iutoi)  prcnpitatoi  f.\iilil\  l^  a  ''lamlard 
aiiidtuMin'l  vMlli  a  irrci'acd  S  l-ionti.ution,  giviiiR  a  imifoini 
\oloctity  field  with  2-t%  Mirbuleme  iiiteiiMtj  at  at  he  inlet 
to  the  ie^t  !-cftioii  The  test  seilum  is  a  5  0  m  lonR,  Oil  in 
wide  li\  0  0  in  hieh  duet  with  MiuHith,  elerlrirally  grotinded 
walls  and  noncondurtiiiR,  transparent  top  and  liottoni  rimiir 
access  to  visualization  and  LDA-ineasnrements 


vELocnr  V  cm/s3 

Figure  2  Vertical  traverse  of  transversal  velocity  v(?) 
midway  between  electrode  and  wall,  at  two  axial  positions 


Negative  DC-voltage  was  applied  to  five  vertical,  J  mm 
diameter  wire  electrodes,  equipped  with  I  mm  diameter  by 
12  mm  long  pins,  spaced  2'Li  =  0.10  m  apart  Electrodes 
were  positioned  along  the  center  plane  of  the  duct  at  a 
spacing  of  Lx  =  0  10  m,  starting  0  25  m  downstream  of  the 
inlet.  All  LDA-daia  were  recorded  at  one  fixed  point, 
halfway  between  electrode  no  3  and  4,  0  75  m  from  the 
sidewall,  and  at  the  level  of  pins,  midway  between  top  and 
bottom  of  the  duct  A  two-component,  bacL-scatler 
LDA-system  (DANTEC  55x)  with  counter  processors  was 
used  to  record  velocity  data  LDA-sample  sizes  were  300  for 
mean  and  rms-velocity,,  and  24000  for  autocorrelation 
Residence-time  weighting  was  used  in  all  ca.ses 


0,  20,  36,  45  kV 


Because  particles  liecoine  cliarged  they  proiipitate  out  on 
plates,  niakiiiR  it  difficult  to  atlaiii  data-rates  above  .tlxiiil 
50  Hz  Also,  recorded  liarticle  veloiities  differ  fiom  tlie  gav 
velocity  due  to  their  electrnal  drift  wliicli  fiiriheiiiiore 
depends  on  their  size  For  tlie  glyterine  droplets  used  and  ai 
the  location  of  ineasiiremeiits,  the  tesiiltiiig  hues  to  iiiean  and 
rms-velocities  have  been  esliiiiated  to  be  0  I  and  0  0,1  ni/s. 
re.s|)eitively  No  attempts  have  Ix'en  made  to  loirect  the  data 
for  these  bias  effects 

I'lrsl.  velocilies  were  reiorded  for  the  .tccessible  range  of 
hulk  velocities  (U,,  =  01-18  m/s)  at  four  values  of  the 
electrical  field,  0,  26.  .|(i,  45  kV,  torrespouiliiig  to  mean 
current  densities  J,  =  0,  0  526,  2  2()1.  and  4  llil  iiiA/iiF  As 
seen  in  figure  3.  which  shows  l'-rms/l'„  veisiis  bulk  velocitv 
Ho,  increasing  fields  and  decreasing  bulk  velotitv  give  a 
marked  rise  in  H-riiis/Fn  relative  to  its  barkgroiind  value, 
the  turbulence  intensity,  recorded  at  zero  field 

Figure  1  shows  the  same  data,  now  versus  retipiocal 
electrical  Fronde  number,  calculated  fiom  the  first  expression 
of  eq  (1)  Despite  the  scatter  of  data,  which  is  paitlv  due  to 
the  natural  rise  in  turbiilenie  iiitcnsitv  with  decreasing  bulk 
velcKity.  figure  t  suggests  the  onset  lif  instabilities  to  occur 
aliotit  Fe  ^  20  -  50  For  laige  values  of  1/Fe,  the  s1o|h’  of 
0  5  implies  that  F-riiis  levels  off  at  values  proportional  to 
the  (iirrent  density  to  the  ont'-lialf  powei  The  viscous  efftets 
set  these  limits 

Next,  time-series  of  F-velocity  (see  figure  5  for  samples, 
each  repre.senting  one  batch  of  150  data)  were  recorded  at 
three  values  of  bulk  velocity  at  each  of  two  values  of 
electrical  field,  26  and  36  kV  Subsequent  numerical  analysis, 
employing  the  scheme  descrilied  by  Biichhave  et  al  (1979), 
gave  autocorrelations  shown  in  figure  6  and  oiie-dimeiisioiial 
spectra,  such  as  figure  7  The  poor  resolution  of  tune  series 
and  spectra,  are  due  to  low  data-rale.v  of  the  random 
sampling  governed  by  the  arrival  of  seeding  particles  The 
random  sampling  in  the  liiirst  mode  LDA  gives  alias-free 
spectra  but  the  spectral  variance  become  significant  at 
frequencies  near  the  mean  sampling  rate 

To  interprete  figures  .5-7  we  note  that  any  jieriodic 
information  should  bo  diaracterized  by  the  period  of 
structures  of  length  scale  L,  moving  witiriiiilk  velocitv  Ho 
For  the  three  velocities  l’„  =  0  2,0  5,  and  1  5  m/s  tins  gives 
the  periods  Lx/Hn  =  0  5,  0  2,  and  0  07  s  At  the  lowest 
velocity,  the  period  0  5s  in  figure  6  and  frequency  2  Hz  in 
figure  7  can  be  discerned  At  higher  velocities,  structures 
become  too  irregular  to  appear  as  distinct  peruKis  in  signahs. 


Figure  4  Data  from  figure  3  (for  nonzero  field)  iilottcd 
versus  reciprocal  electrical  Fronde  number 


m/s) 


TIME  '(secf 


Figure  7  One-dimensional  iwwer  six’driim  (arl>itrarv  units) 
at  36  kV  for  Uq  =  02  ni/s 


3  THF  NUMERICAL  MODEL  PROBLEM 

The  motion  of  the  incompressible,  constant-property  gas 
phase  is  governed  by  the  conservation  of  mass  and 
momentum  oalanco, 


V  V  =  0  .  (2) 


Figure  5  Samples  of  time  series  at  20  and  36  kV  for  three 
values  of  bulk  flow 


'  and  of  “(0.  al  36  kV  for  li„  =  0  2, 


W  +  (V  V)V  =  -V(p/p)  +  nViV  +  UIp  <  (3) 

where  i.  velocity  vector  V  =  (u,v,w)  is  given  in  Cartesian 
co-ordinates  (x,y,z),  p  is  the  static  pressure  and  e  the 
kinematic  viscosity  Tlie  electrical  body  force  per  unit 
volume,  fe  =  p,E,  is  determined  by  the  charge  density  of  ions 
p,  and  the  electrical  field  strength  E,  which  are  Ixith 
solutions  to  the  Maxwell  equations.  When  the  convective 
current  of  charge  is  negligible  the  electrodynamic  problem  is 
dr'couplcd  from  that  of  the  fluid  motion 

In  the  present  study,  considering  vorticity-driven 
secondary  flows,  we  replace  the  momentum  equation  (.i)  by 
its  curl  This  results  in  the  vorticity  Iran, sport  equation 

|t’+  JV.V)ui=(u)V)V+eV2w+Vx(f,/p)  ,  (4) 

where  the  vorticity  is  u=  VxV  (5) 

Taking  the  curl  of  eq  (5)  and  employing  the  continuity,  the 
velocities  ate  given  by  the  Poisson  equations 

m  =  -  Vxu  (6) 

As  model  problem  we  consider  a  harmonic  distribution  of 
volume  forces  (,  =  (fx,fy,fi),  where 

fx  =  Ax'Sign{x— Lx/2) ■  |f | ,  fy  =  -Ay  -  |f | ,  f,  =  — .Az*  | f  j ,  (7) 

|f|  =  l/4(l-cos(2nt/Lx))cos(2iry/Ly)(l-cos(irz/Lz))  (8) 

Preliminary  calculations  of  the  electrical  field  have  shown 
that  these  expressions  both  qualitatively  and  quantitatively 
give  a  fairly  good  representation  of  the  actual  distribution  of 
volume  forces  obtained  by  solving  the  field  equations  These 
solutions  show  the  non-uniformity  of  the  components  of 
volume  force,  expressed  as  rms-values,  to  be  of  the  same 
order  as  the  mean  values  At  36  kV,  for  example,  the  mean 
value  of  fy  is  about  1  1  N/m^  while  that  of  fx  and  fz  are 
considerably  smaller  This  case  is  thus  considered  to  be  well 
represented  by  setting  the  amplitudes  A,,  Ay,  and  Az  equal 
to  unity. 

The  rlosurp  nf  the  system  nf  equations  is  ach'eved  by 
prescribing  slip  conditions  at  the  collector  wall,  and 
symmetry  on  the  centerplane  and  the  lower  and  upper  planes 
of  the  computational  domain  (see  figure  1)  In  the  axial 
direction  we  assume  periodicity,  corresponding  to  fully 
developed  flow 
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The  solution  of  cqs  (4)  and  (6)  is  arcomplished  by 
employing  second  order  acriirate  differences  solved  by  I  lie 
ADI  technique  in  space  m  a  titne-riiarchiiig,  second-order 
scheme  (see  Toumi  fr  Ta  Phiioc  1987)  In  all  calculalions  an 
equal  grid  spacing  of  Ax  =  Ay  =  Az  =  Lv/IO  is  employed 
resulting  in  a  disf retization  of  dKlIixlb  ncalepoints  I'o 
ensure  the  tini'-true  nature  of  the  computations  the 
time-step  obeys  th"  CFL  condition,  i  e  At  <  0  5Ax/V*a, 


4  NUMERICAL  RESULTS 

To  supplement  the  experimental  results  and  to  obtain 
information  on  the  structure  of  the  flow  field  at  small  bulk 
velocities  calculations  were  carried  out  for  Uo  =  0  m/s,  0  1 
m/s,  and  0  2  m/s  In  figure  8  is  shown  the  calculated  velocity 
field,  projected  as  velocity  vectors  on  the  midplanes  x  = 
L,/2,  y  =  Lj/2,  and  i  =  Lz/2,  respectively,  for  the  case  of 
zero  bulk  flow,  Un  =  0  iii/s  The  flow  is  here  completely 
induced  by  the  electiical  volume  forces  and  the  figure  shows 
that  the  electrical  feld  induces  a  complex  but  highly 
organized  structure  oi  three-dimensional  rolls  At  the  x-y 
midpiane  we  see  the  flow  being  forced  against  the  collector 
wall  along  the  centerline.  Due  to  symmetry  two  concentrated 
rolls  of  z-vorticity  are  formed  with  center  points  located 
symmetrically  about  x  =  Lx/2  near  the  electrode  plane 
Projected  on  the  x-z  plane  the  flow  exhibits  a  rather  cuiious 
lojiology  We  here  identify  four  points  with  concentrated 
y-voiticity  also  located  symmetrically  about  the  x  =  Lx/2 
line  Two  of  these  vortex  centeis  are  located  near  the  down 
corners  of  the  midplane,  whereas  the  two  other  onc's  arc 
found  near  the  centerline  at  about  z  =  3/4Lz  On  the  last 
midplane,  the  x-z  plane,  only  one  concentrated  x-vorticity 
center  is  seen  to  be  projected  These  projections  suggest  a 
rather  complicated  topology  of  a  deformed  vortex  ring  which 
as  yet  has  not  been  analyzed  in  details  However,  svimnetry 
considerations  suggest  the  structure  sketched  in  figure  10 

In  order  to  avoid  numerical  stability  problems  the 
calculations  were  performed  with  a  kinematic  viscosity  v  = 
10'<  mVs,  corresponding  to  about  6  times  the  value  of  air 
Although  this  damps  out  small  scale  motions  and  gives  a 
different  balance  between  the  electrical  force  field  and  the 
diffusion,  It  IS  believed  that  the  gross  behaviour  of  the  flow  is 
reflected  in  oui  calculations  The  calculation  with  zero  bulk 
velocity  was  carried  out  in  what  in  physical  time  corresponds 
to  4  seconds  We  here  emjiloyed  a  tim^tep  of  At  =  2- Ax  = 
1/150  s ,  corresponding  to  600  time-steps  A  steady  solution 
was  not  obtained,  but  oscillations  did  not  appear  and  by 
comparing  velocity  vector  plots  at  different  times,  it  was 
found  that  after  being  established  the  vortical  structures  did 
not  change  appreciably  Thus,  it  is  assumed  that  the  final 
steady  solution  corresponds  closely  to  the  one  shown  i  figure 
8  Maximum  velocities  were  found  to  be  m  the  order  of  0  2 
m/s 

Increasing  the  bulk  velocity  to  Uo  =  0  1  ni/s,  keeping  the 
electrical  field  at  the  same  level,  results  in  the  Row  field 


Figure  10  Inferred  topology  of  vortex  structure  at 
Uo  =  0  rn/s  Electrode  at  E 


shown  in  figure  9  Note  that  tlie  hulk  veil,  ,,y  ha,v  been 
subtracted  from  the  velocity  vectors,  vvliuh  llicii  icpiesciii 
the  topology  of  perturbed  vortex  stnictiircs'  W'c  here  ,vee  that 
the  vortex  center  passing  through  the  y-z  plane  now  is 
located  somewhat  nearer  the  clectrtxic  Furthermore  mi 
voitex  lines  are  now  pawing  tliioiigll  Ihe  ihe  x-/  tnidpLme 
Although  the  flow  still  i.v  ondtiiated  iii  this  plane,  voitex 
stretching  along  the  axial  direction  now  has  diimiiislicd  I  lie  v 
and  z— vorticity,  leaving  the  flow  dominated  by  axial 
vorticity. 

Increasing  the  bulk  velocity  further  to  Uo  =  02  m/s,  this 
tendency  of  axial  stretching  becomes  even  mure  pronoiiiircd 
Here  the  perturbation  velocity  in  tlie  x-z  plane  is  almost 
parallel  to  the  z-directioii  indicating  that  y-vorticity  has 
almost  vanished.  In  the  x-y  plane  vaiiations  of  perturlx’d 
in-plane  velocities  still  exist,  but  are  small  in  magnitude, 
leaving  most  part  of  the  vorticity  to  he  diicclcd  in  the  axial 
direction 

In  figure  8-10  only  spatial  structures  are  shown 
Following  time-histories  for  velocities  at  arbitrary  located 
points,  both  for  U„  =  0  1  ni/s  and  for  Uo  =  02  m/s,  the  flow 
field  was  found  to  be  dominated  by  jicnodic  motions  For  Uo 
=  0  I  m/s  the  flow  oscillated  with  1  Hz  and  for  Uo  =  02  m/s 
a  characteristic  frequency  of  2  Hz  dominated  By  simple 
dimension  analysis  of  the  tune  scale  connected  to  bulk 
velocity  past  electrodes,  it  may  be  seen  that  these  frequencies 
are  identical  to  Uo/Lx  Indeed,  the  present  model  problem 
could  be  replaced  by  a  problem  in  which  the  bulk  velocity  is 
put  equal  to  zero  and  the  parameter  x/L,  m  the  cxprc,ssion 
for  the  volume  forces  is  replaced  by  the  unsteady  iiaramcter 
(x/L,-U„/Lxl) 


.5  DISCUSSION  AND  CO.NCLUSIONS 

The  present  cxpeninental  and  numerical  study  of  the 
electrostatic  precipitator  flow  provides  some  preliminary 
understanding  of  the  development  aiul  nature  of  a 
three-dimensional  turbulent  shear  flow  This  How  arises  from 
spatially  periodic  volumetric  vorticity  sources  acting  on  an 
incompressible  duct  flow  which  is  uiiiforin  upstream  of  the 
first  electrode  Wall  boundary  layers  aie  thin  and  may  he 
neglected  in  the  present  context 

The  flow  of  practical  interest  (finite  non-zero  Fe)  falls  in 
between  two  extreme  cases,  Fe  =  0  and  Fc  >>  1,  that  is, 
that  of  zero  bulk  velocity  and  that  of  large  inertia  These 
limiting  cases  lend  themselves  to  ready  interpretation 

At  Fe  =  0,  so  far  not  studied  exjicrimentally,,  our 
numerical  solutions  show  a  stable  three-dimensional  vortical 
flow  structure  that  appears  to  be  a  stable  laminar  mode  for 
the  field  strength  studied  This  (low  is  considerably  more 
complex  but  geiierically  the  same  as  that  of  a  single  jxiint  of 
corona  discharge  facing  an  infinite  plate 

At  Fe  >>  1,  exjreriments  and  numerical  siimilatioi. ,  ,-how 
a  regular  pattern  of  secondary  flow  in  the  form  of  axi.d  rolls 
The  flow  appears  to  be  stable  and  for  ,ill  pracliial  piiipoxes 
laminar,  as  exjierimental  rms-levels  (Oimide  with  those  ol 
the  case  of  no  electrical  field  and  same  bulk  velocity  (figure 
3)  This  case  can  also  be  anticipated,  as  mentioned  in  the 
introduction.  At  large  x-inertia,  vorticity  sources  in  y-  and 
z-directions  impart  vanishing  jierturbaiions  to  the  (low  The 
vorticity  source  in  x-dirertion,  being  of  one  sign  although  of 
varying  magnitude,  drive  the  rolls  We  stress  that  ihe 
development  of  axial  rolls  depends  itself  on  fluid  inertia, 
extending  over  increasing  axial  distances  as  the  bulk  velocity 
increases  However,,  this  effect  should  not  affect  the  presen' 
study 

■The  case  of  practical  interest,  that  of  finite,  non-zero 
values  of  Fe,  can  be  approached  from  either  of  the  foregoing 
limits  Reducing  inertia,  for  example,  causes  perturbations 
from  y—  and  z-clirection  vorticity  sources  to  increase  in 
amplitude  Experiments  have  shown  rms-\  allies  that 
increase  pronounced  with  decreasing  Fc  Ifignre  4) 
Preliminary  numerical  results  show  a  periodic  motion  with 
complex  vortical  structures,  where  the  period  can  be  traced 
to  the  time  scale  of  electrode  spacing  and  bulk  velocity  It  is 
articipated  that  long  time  simulations,  at  a  sufficiently  small 
scale  and  with  a  realistic  low  viscosity,  would  show  the 
evolution  of  instabilities  leading  to  turbulence  It  is  suggested 
that  a  stability  limit  may  exist  at  Fe  ~  20—50 
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Abstract 

The  validation  of  a  finite-volume  scheme  for  the  sol¬ 
ution  of  the  3-D  Navier-Stokes  equations  for  the  pre¬ 
diction  of  vortical  flow  fields  around  delta  and  strake- 
delta  wings  is  presented  The  current  technique  is 
based  on  central  difference  approximations  (cell-ver¬ 
tex  formulation)  with  a  Runge  Kutta  integration  in 
time  Using  local  time  stepping,  implicit  residual 
smoothing,  a  multigrid  method  and  carefully  controlled 
artificial  dissipative  terms,  the  convergence  rales  are 
dramatically  improved  for  the  complex  flow  problems 
tested  The  reliability  of  the  present  scheme  for  engi¬ 
neering  applications  is  established  by  comparing  the 
numerical  results  with  wind  tunnel  measurements  at 
subsonic  and  transonic  speeds 

1.  Introduction 

Vortex  flow  associated  with  flow  separation  from 
leading-edge  plays  an  important  role  in  the  high-an- 
gle-of-attack  aerodynamics  While  the  application  of 
Navier-Stokes  solvers  to  delta  wings  with  vortical 
flows  have  been  already  discussed  in  the  literature 
[1]  to  [3],  the  us !  of  this  technique  was  restricted 
mainly  due  to  their  high  requirements  in  computer 
time  and  storage 

Recently  subtantial  improvements  have  been  reported 
in  the  numerical  solution  of  the  Navier-Stokes 
equations  [4],  making  this  technique  attractive  tor 
engineering  applications  Using  explicit  Runge-Kutta 
schemes  as  the  basic  time  integration  algorithm  the 
problem  of  slow  convergence  rates  tor  highly  clus¬ 
tered  meshes  near  solid  walls  was  overcome  by 
application  of  local  time  stepping,  implicit  residual 
averaging  and  muitigrid  Converged  solutions  of  sub- 
and  transonic  flows  around  airfoils  and  wings  with 
significant  shock-boundary  layer  interaction  were 
obtained  within  less  than  100  multigrid  cvcies  [4] 
Subsequently,  the  code  was  extended  to  allow  multi- 
block  decomposition  of  the  computational  domain  [5] 
which  IS  important  not  only  to  treat  complex  aircraft 
geometries  but  also  to  allow  three-dimensional  calcu¬ 
lations  on  computers  with  limited  amount  of  core 
iiieiiioiy  li  has  been  demonstrated  that  the  muiti- 
grid-multiblock  code  converges  rapidly  for  some  gen¬ 
eric  inviscid  and  viscous  test  cases  [5]  [6] 

The  purpose  of  the  present  paper  is  to  validate  the 
code  for  the  prediction  of  vortical  flows  around  delta 


wings  The  accuracy  of  the  code  is  established  by 
comparing  solutions  with  different  grid  densities  and 
with  experimental  data  Also,  convergence  rates  of 
the  present  scheme  to  the  steady  state  with  and  with¬ 
out  muitigrid  technique  are  shown  to  demonstrate  the 
usefulness  of  the  code  within  an  aerodynamic  design 
process 

2.  Governing  Equations  and  Numerical  Method 

The  integral  form  of  the  mass-averaged  Navie'  _.iokes 
equations  using  nondimensional  variables  can  be 
written  as 

where 

kV  =  (p,  pu,  pv.  pw.  psf 

IS  the  vector  of  conserved  quantities  with  p.  u,  v,  w, 
and  E  denoting  the  density,  the  cartesian  velocity 
components,  and  the  specific  total  internal  energy 
The  quantity  V  denotes  an  arbitrary  control  volume 
with  boundary  dV  and  outer  normal  n  The  definition 
of  the  flux  density  tensor  F  is  given  in  f4J  The 
equation  of  state  tor  an  ideal  gas  is  used  to  calculate 
the  pressure  and  the  temperature  The  viscosity  is 
assumed  to  follow  an  empirical  power  law  and  the 
heat  conductivity  is  obtained  by  using  a  constant 
Prandit  number 

2.1  Turbulence  Model 

For  turbulent  flows  the  laminar  viscosity  p,  is  replaced 
by  p  +  p,  and  pjP,  is  replaced  by  p/P,  -f-  pilP,,.  where 
the  eddy  viscosity  p,  and  the  turbulent  Prandit  number 
P„,  are  provided  by  a  turbulence  model  In  the  present 
work  the  algebraic  turbulence  model  of  Baldwin  and 
Lomax  [7]  with  the  modifications  proposed  by  Degani 
and  Schiff  [8]  to  treat  cross  flow  separations  is  used 

2.2  Spatial  Discretization 

The  discretization  of  Eq  (1)  in  space  and  time  is  done 
separately  The  discrete  values  of  the  flow  quantities 
are  located  at  the  vertices  of  the  mesh  cells  and  the 
integral  equation  is  approximated  by 
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where  Oc.j,,,  Qv.j,.  and  D.ji  are  the  convective,  the  vis¬ 
cous  and  the  artificial  dissipative  terms,  respectively 
The  discretization  of  the  convective  part  follows  [91 
The  eight  cells  surrounding  a  vertex  form  a  super  cell 
as  IS  shown  in  Figure  1-a  The  surface  integial  of 
Eg  (.1)'  of  the  convective  part  of  the  flux  density  tensor 
IS  evaluated  for  each  cell  face  using  an  arithmetic 
average  of  the  flux  quantities  at  the  vertices  The 
convective  flow  is  first-order  accurate  if  the  normal 
vector  of  each  surface  segment  is  smooth  and  the 
shape  of  the  segment  approaches  a  parallelogram 
with  grid  refinement  On  smooth  meshes  the  scheme 
IS  second-order  accurate  [10] 

The  viscous  fluxes  are  approximated  using  the  auxil¬ 
iary  cell  with  the  dashed  boundary  shown  in 
Figure  1-b  The  first  derivatives  of  the  flow  variables 
which  are  needed  to  compute  the  viscous  fluxes  are 
obtained  by  central  differences  using  a  local  transfor¬ 
mation  from  Cartesian  coordinates  to  curvilinear 
coordinates  [4]  The  thin  layer  approximation  is 
employed  in  the  present  coding  A  one-dimer.sional 
error  analysis  of  the  discrete  approximation  of  the 
VISCOUS  terms  has  shown  first-order  accuracy  on  gen¬ 
eral  strech  ■'  meshes  and  second-order  accuracy  on 
smoothly  varying  rneslies  [11] 

The  convergence  of  this  scheme  to  the  steady  stale  is 
strongly  influenced  by  the  choice  of  the  artificial  dis¬ 
sipative  terms  0,j>  The  present  artificial  dissipation 
model  uses  a  blend  of  fourth  and  second  differences 
to  provide  third-order  background  dissipation  m 
smooth  regions  of  the  flow  and  first-order  dissipation 
at  shock-waves  The  scaling  factor  of  the  dissipative 
fluxes  IS  a  nonlinear  function  of  the  spectral  radii  of 
the  Jacobian  matrices  associated  with  the  three  com¬ 
putational  coordinate  directions,  Jj,  and  /Ij  which 
accounts  for  varying  cell  aspect  ratios  i-JX.,  XJXr  and 
[41 


Figure  1.  Control  volume  (a)  around  point  (i,|,k), 
(b)  in  a  plane  grid 


2.3  Boundary  Conditions 

At  subsonic  inflow-outflow  boundaries  locally  one-di- 
mensional  flow  normal  to  the  boundary  is  assumed 
and  the  concept  of  characteristic  variables  is  used 
Characteristic  variables  corresponding  to  outgoing 
waves  are  extrapolated  from  the  interior  while  those 
corresponding  to  incoming  waves  are  determined  from 
the  free  stream  At  solid  walls,  the  no-slip  condition  is 
enforced  The  continuity  and  energy  equations  are 


solved  at  the  grid  points  on  the  surface  assuming  an 
adiabatic  wall  [4] 

2  4  Time  Stepping  Scheme 

The  system  of  ordinary  differential  equations  (2)  is 
advanced  in  time  with  a  five-stage  Runge-Kutta 
scheme  [12]  The  steady-state  solution  is  independent 
of  the  time  step,  and  hence  several  numerical  tech¬ 
niques  are  applied  to  accelerate  convergence  Using 
locat  time  stepping,  the  solution  at  each  mesh  point 
IS  advanced  at  the  maximum  Af  allowed  by  stability 
With  implicit  smoothing  of  residuals  the  stability  range 
of  the  explicit  time  stepping  scheme  is  extended  to 
large  Courant  numbers  For  three-dimensional  flows, 
a  factored  form  is  used  The  ability  of  the  scheme  to 
damp  out  high  frequency  oscillations  in  the  solution 
depends  strongly  on  the  choice  of  the  smoothing 
coefficients  Consider  cells  with  the  edge  lengths  in 
the  (f  and  (  directions  much  larger  than  in  the  i/ 
direction  The  explicit  time  step  is  limited  by  the 
characteristic  wave  speed  along  the  short  cell  edge 
For  extension  of  the  time  step  beyond  the  explicit 
stability  limit,  implicit  residual  smoothing  is  required 
in  the  II  direction  On  the  other  hand,  one  expects  that 
no  smoothing  is  required  in  coordinate  directions 
where  the  characteristic  wave  speeds  are  much  smal¬ 
ler  than  the  stability  limit  Simple  formulas  for  the 
smoothing  coefficients  as  functions  of  the  spectral 
radii  of  the  Jacobian  matrices  associated  with  the  f, 
g  and  (  directions  have  been  devised  in  [4] 

Finally,  a  multigrid  algorithm  according  to  [9J  is 
implemented  Coarser  meshes  are  defined  by  elimi¬ 
nating  every  other  mesh  line  in  each  coordinate 
di.uction  The  solution  is  transferred  to  the  coarse 
meshes  by  injection  Transfer  of  the  residuals  from 
fine  to  coarse  meshes  is  done  by  a  weighted  average 
of  the  tine-mesh  grid  points  surrounding  the  point  on 
the  coarse  mesh  A  forcing  function  is  constructed  so 
that  the  solution  on  a  coarse  mesh  la  driven  by  the 
residuals  collected  on  the  next  finer  mesh  Corrections 
obtained  on  the  coarse  meshes  are  transferred  to  the 
fine  mesh  by  trilinear  interpolation  A  postsmoothing 
step  is  applied  to  the  total  corrections  before  the  sol¬ 
ution  is  updated  The  postsmoothing  reduces  high- 
frequency  oscillations  introduced  by  the  linear 
interpolation  of  the  coarse-mesh  corrections,  and 
hence  improves  robustness  of  the  overall  scheme, 

2.5  Multiblock  Code 

The  present  multiblock  version  of  the  code  is 
described  in  detail  in  [5l  The  main  problem  in  the 
design  of  a  multiblock  code  is  to  define  the  arrange¬ 
ment  of  the  block  loops,  that  is,  how  often  should  data 
be  transferred  between  blocks  The  simplest  option 
is  clearly  to  execute  a  complete  multignd  cycle  in  a 
given  block  before  moving  to  the  next  Indeed  it  was 
found  in  [5]  that  convergence  properties  of  the  present 
time-asymptotic  flow  solver  does  depend  on  an 
appropiate  sequencing  of  the  boundary  conditions  and 
hence  on  the  definition  of  the  block  loops  For  exam- 
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piG,  lag  or  lead  of  ghost  points  which  are  used  to 
update  internal  cut  boundaries  must  be  carefully 
controlled  because  it  may  produce  unphysical  spatial 
derivatives  neai  the  boundary  This  problem  is  par¬ 
ticularly  evident  with  a  multigrid  code  designed  for 
rapid  convergence  On  the  other  hand,  if  the  multi¬ 
block  code  IS  used  on  computers  with  limited  amount 
of  core  memory  the  complete  elimination  of  lag  and 
lead  effects  by  extensive  sweeps  through  the  blocks 
introduces  penalties  for  I/O  operations  even  on 
machines  with  solid-state  device  (SSD)  In  the  present 
scheme  lag  and  lead  effects  are  eliminated  by  updat¬ 
ing  Poundary  conditions  in  two  passes,  before  and 
after  each  Runge-Kutta  stage 

3.  Configuration  and  Grids 

Figure  2  shows  the  configurations  investigated  in  the 
present  study  These  are  a  cropped  delta  wing  with 
a  es"  sweep  sharp  leading  edge,  and  two  flat  plate 
strake-wings  with  round  leading  edges  with  sweep 
angles  for  the  strake  and  the  wing  of  80760°  and 
80750“  respectively  For  all  three  configurations 
extensive  wind  tunnel  results  have  been  reported  in 
[13]  [14]  [15J  [16]  For  the  numerical  simulation  the 
physical  domain  is  discretized  using  0-0  topologies 
of  different  sizes  In  all  cases  the  distance  to  the  first 
grid  point  away  from  the  wall  is  £  10'*  limes  the  root 
chord  (only  the  24x48x24  mesh  does  not  satisfy  this 
criteria),  which  results  in  an  average  value  of  y*  ^  1  3 
for  for  the  turbulent  compulation 


Figure  2,  Configurations. 

4.  Numerical  Results 

As  mentioned  in  the  introduction  the  ourpose  of  the 
prosent  paper  is  to  show  that  the  curient  approach  is 
able  to  (1)  accurately  predict  vortical  flow  fields,  (ii)  in 
moderate  computer  times,  (in)  even  for  configurations 
using  more  than  one  block  Figure  3  shows  the  con¬ 
vergence  raies  of  tne  present  scheme  without  multi- 
grid  (a)  and  with  a  4  level  multigrid  (b)  for  the  65° 
cropped  delta  wing  at  a  Mach  number  M^  —  0  4  and 
an  incidence  v  -  10°  The  results  have  been  obtained 
using  a  single  block  mesh  of  150000  cells  with  48X48 
cells  in  stream-  and  spanwise  directions  and  64  cells 
normal  to  the  wall  Also  the  corresponding  multigrid 
convergence  rate  for  a  two  block  mesh  using  the  same 
total  number  of  points  is  shown  in  Figure  3(c) 


Figure  3.  Convergence  rales: Cropped  delta  wing 

M„  =  0  4,  x=10°  (a)single  grid 
(b)mullignd  (c)muiligrid-mulliblock 


While  the  flow  solution  is  the  same  for  the  three  cases 
there  is  a  factor  6  8  in  computer  time  reduction  by 
using  the  multigrid  option  That  means  that  converged 
results  within  0  015%  of  the  global  force  coefficients 
needs  only  40  min  computer  time  on  a  Cray-YMP 
using  the  mulligrid  technique  for  meshes  consisting 
on  150000  ceils  Whereas  4  5  hs  are  needed  for  com¬ 
putation  without  mulligrid  When  using  a  two  block 
configuration,  the  penalties  introduced  for  I/O  oper¬ 
ations  are  below  10  %  of  the  computer  time  of  a  single 
block  mesh 


Figure  4.  Cross  flow  fields :  Cropped  delta  wing 

M„  =  0.1,a=10°  (a)Total  pressure, 
(b)Dynemic  pressure 
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The  significance  of  the  viscous  terms  on  the  prediction 
of  vortical  flow  fields  around  della  wings  is  assessed 
in  Figures  4  and  5  Results  for  the  65“  cropped  delta 
wing  using  an  Euler  code  have  been  already  published 
in  [17]  and  [18]  The  numerical  simulation  based  on  the 
Eulet  equation  is  done  tor  a  single  block  mesh  con¬ 
sisting  of  48x48x48  cells  To  perform  the  Navier-Stokes 
calculations  m  the  same  mesh  a  subgrid  consisting  of 
16  cells  between  the  solid  wall  and  the  first  mesh  line 
away  from  the  wall  is  iniected  Figure  4  shows  the 
VISCOUS  effects  at  the  vortex  core  Computed  flow 
fields  values  are  performed  for  the  experimental  flow 
conditions  defined  m  [13],  le  w  =  10“.  R,  =  1  4x10“ 
M,  =  0  1 


Figure  5.  Cp  distributions  <  C'-opped  delta  wing 

a  —  10“,  x/c  =  08  — Navter  Stokes, 
Euler,  0  Expt 


The  effects  of  the  viscosity  on  the  surface  pressure 
distribution  are  shown  in  Figure  5  for  two  different 
Mach  numbers  Computed  values  are  compared  with 
measurements  [14]  and  [15]  at  R,  =  9x10',  a  =  10“. 
M„  =  04  and  =  0  85  Also,  the  rates  of  conver¬ 
gence  of  the  Navier  Stokes  code  for  the  two  Mach 
numbers  are  included  in  the  Figure 
The  influence  of  the  discretization  error  on  the  surface 
pressure  distribution  is  assessed  by  increasing  and 
decreasing  the  size  of  the  48x64x48  mesh,  by  a  factor 
of  2  in  each  coordinate  direction  Figure  6-a  shows  the 
press  ire  distributions  obtained  on  the  three  meshes 
compared  with  the  experimental  data  at 


—  0  4,  »  =  10°.  R,  —  9x10'’  Figure  6-b  shows  the 
convergence  rate  of  the  code  for  the  finest  mesh  test¬ 
ed  To  perform  the  results  on  the  one  million  point, 
eight  block  mesh  .  a  full  multigrid  strategy  was  used 
wich  was  started  from  the  second  level  mesh 


Figure  6  Mesh  refinement ;  Cropped  delta  wing 

M„  =  04,a:^  10"  -  96x128x96, 

- 48x64x48,-  24x32x24,  o  Expt 


Figure  7  shows  that  the  wind  tunnel  model  support 
has  an  strong  influence  on  the  prediction  of  the  sur¬ 
face  pressure  distribution  The  computations  were 
carried  on  the  48x64x48  mesh  at  =  0  4  a  =  10" 

R,  =  9x10® 


Figure  7.  Cp  distributions  :  Cropped  delta  wing 

=  0  4,  «  10"  -o-wilhout  body, 

—  wilh  body 


Figure  8  shows  a  comparison  between  a  surface  oil- 
flow  picture  (left)  and  the  numeric  stream  lines  near 
to  the  wing  surface  (right)  at  =  0  85,  a  =  20“  All 
ingredients  of  surface  flow  topology  like  primary 
attachment,  secondary  separation  and  secondary 
attachment  (although  vague  in  the  experimental  data) 
can  be  observed 


13-4-4 


Figure  8.  Cropped  della  wing  =  0  85, a  =  20” 

Solutions  for  the  strake-delta  wings  hav>.  been 
obtained  using  a  3  level  multignd  two  block  mesh 
consisting  of  96x48  cells  in  stream-  and  spanwise 
directions  and  48  cells  normal  to  the  surface  Results 
are  compared  with  measurements  [16]  at  R,  =  1  3x10' 
and  =  0  1  At  lower  angles  of  attack  the  two  system 
of  vortices  originating  from  the  wing  apex  and  the 
leading-edge  kink  remain  distinguishable  over  the 
entire  wing  (Fig  9-a) 


Figure  9.  SIrake-wIng  (outer  sweep  angle  50’) 

=  0  1 ,  R,  --  1  3x10',(a)cr  -  10”,(d)oi  -  15” 


0  04  OS  y/(b/2) 


Figure  10.  SIrake-wIng  (outer  sweep  angle  60') 

M„  =  01,a-  12”,  R,  ^  1  3x10* 

As  the  angle  of  attack  is  increased  the  margin  point 
moves  upstream  Further  increase  of  the  incidence 
leads  inevitable  to  vortex  breakdown  The  whole 
process  is  summarized  in  Figure  11,,  for  a  single  cross 
section  plane 


Finally.  Figure  12  shows  that  the  integral  values  for  lift, 
drag  and  pitching  moment  are  in  good  agreement  with 
the  experimental  data 

5.  Conclusions 


At  medium  angles  of  attack  both  vortex  systems 
interact  about  each  other  and  merge  into  one  stable 
.ortex  over  the  rear  part  of  the  .ving  The  niergin 
process  is  quantitatively  and  qualitatively  well  reprod¬ 
uced  for  the  two  wings  with  different  outer  sweep 
angle  (Figs  9-b  and  10) 


The  validation  of  a  finite-volume  scheme  for  the  sol¬ 
ution  of  the  3-D  Navier-Stokes  equations  tor  the  pre¬ 
diction  of  vortical  (low  fields  around  delta  and  strake- 
delta  wings  IS  presented  The  efficiency  of  the  current 
multigrid-multiblock  strategy  is  demonstrated  for  a 
variety  flow  cases  which  are  strongly  determined  by 
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Figure  12  Strake-wing  (outer  sweep  angle  50*) 

0  1,R,  -  1  3x10' 

VISCOUS  effects  Basic  flow  features  due  to  changes  of 
incidence,  Mach  number  and  geometry  as  well  as  flow 
phenomena  due  to  vortex  vortex  and  shock^vortex 
interactions  ore  well  simulated  Converged  solutions 
with  sufficient  accuracy  are  obtained  in  less  than  40 
minutes  on  a  Cray-YMP  computer  The  investigation 
clearly  demonstrates  the  usefulness  of  the  present 
code  as  a  suitable  toot  within  an  aerodynamic  design 
cycle 
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ABSTRACT 

\  Reduced  \a\ier  Stokes  (RNS)  initial  value  space 
marching  solution  technique  has  been  applied  to  a  class  of 
vortex  generator  and  separated  flow  problems  and  has  dem¬ 
onstrated  good  predictions  of  the  engine  face  flow  field  This 
RNS  solution  technique  using  I'LARL  approximations  can 
adcqualclv  describe  the  topological  and  topographical  struc¬ 
ture  flow  separation  associated  with  vortex  lifiofT,  and  this 
conclusion  led  to  the  concept  of  a  subclass  of  separations 
which  can  be  called  vorticiiy  separations',  ic  separations 
dominated  bv  the  transport  of  vorticitv  Adequate  near  wall 
resolution  of  vorticitv  separations  appears  necessary  for  good 
predictions  of  these  (lows 

INTRODUCTION 

this  paper  represents  one  in  a  senes  of  studies  on  the 
design  issues  associated  with  inlel-enginc  compatibility  prob¬ 
lems,  and  in  particular,  engine  face  distortion  and  its  control 
Ihcsc  studies  center  on  the  development  of  CFD  tools  and 
techniques  which  look  promising  within  an  analysis-design 
environment,  and  the  application  of  these  new  analysis  ap¬ 
proaches  to  understand  and  control  mlct-cngine  distortion 
The  first  paper  in  this  series  by  Anderson  (1991),  deals  with  the 
aerodynamic  characteristics  of  vortex  interaction  within  the 
I  A- 18  inlet  duct,  where  the  vortex  interaction  arises  as  a  re¬ 
sult  of  a  vortex  ingestion  Later  studies  will  involve  the  effect 
of  vortex  ingestion  on  the  engine  face  flow  field  itself  In  the 
second  paper  in  this  senes,  by  Anderson  and  Levy  (1991),  it 
w’as  demonstrated  that  an  installation  of  co«roiatmg  vortex 
generators  could  be  constructed  to  tailor  the  development  of 
secondary  (low  to  minimize  engine  face  distortion  Of  special 
interest  is  the  conclusion  that  there  exists  an  optimum  axial 
location  for  this  installation  of  co-roiating  vortex  generators, 
and  within  this  configuration,  there  exists  a  maximum  spacing 
bctw’ccn  generators  above  which  the  engine  face  distortion  in¬ 
creases  rapidly  This  study  also  showed  that  th.  vortex 
strength,  generator  scale,  and  secondary  flow  field  structure 
have  a  complicated  and  interrelated  influence  on  the  engine 
face  distortion,  over  and  above  the  influence  of  the  initial  ar¬ 
rangement  of  generators 

Ihus  the  overall  goal  of  this  paper  is  to  advance  the 
understanding  and  control  of  engine  face  distortion,  and  m 
particular,  to  cfTcctivcIy  analyze  the  basic  interactions  that  in¬ 
fluence  this  important  design  problem  Specifically,  the  pres¬ 
ent  paper  achieves  two  goals  ( I )  it  extends  and  validates  a  3D 
RNS  solution  u  .hnique  for  class  of  vortex  generator  and  sep¬ 
arated  flow  problems  which  will  be  shown  to  be  dominated  by 
the  transport  of  vorliciiy,  and  (?_)  it  examines  the  role  of  near 
wall  resolution  for  the  class  of  vorticity  dominated  separated 
How  problems 

THEORETICAL  BACKGROUND 

The  reduced  Navier-Slokes  (RNS)  equations  onginallv 
termed  parabolized  Navier-Slokes  (PNS)  equations  and  more 
recently  scmi-eliipiic,  or  partially  parabolic,  arc  used  here  as 
an  miiial-value  space  marching  method  for  the  evaluation  of 
subsonic  compressible  flow  with  strong  iiz-r'iciions  arH'or 
separation  arising  from  internal  vortex  flow’s  Tc'-'iniqucs  .lat 


use  space  marching  with  an  approximate  form  ol  the  RNS 
equations,  namclv  imtial-valuc  methods  and  those  that  require 
three-dimensional  global  iterations,  have  been  used  for  a 
number  of  \cars  to  predict  flows  in  curved  ducts  and 
turbomachincA'  blade  cascades  I  nlortunatclv.  this  tcrminc'- 
ogv  docs  not  identify  the  relevant  mathematical  approxi¬ 
mations  nor  docs  it  distinguish  these  approximations  from  the 
properiics  of  the  solution  algorithm  and  the  diflcrential  or 
difference  equations  In  other  words,  different  methods  within 
the  same  category  will  in  some  instances  give  significanllv 
dtffercni  lesults 

Ihrcc  dimensional  viscous  subsonic  flows  in  complex 
inlet  duct  geometries  arc  investigated  b\  a  numerical  procedure 
winch  allows  solution  b\  spatial  forward  marching  integration, 
uuli/mg  flow  approximations  from  the  velocity-decomposition 
approach  of  Bnlcv  and  McDonald  (1979  and  1984)  The  goal 
o(  this  approach  is  to  achieve  a  level  of  approximation  that 
will  yield  accurate  flow  predictions,  while  reducing  the  labor 
below  that  needed  to  solve  the  full  Navicr  Stokes  equations 
fhe  governing  cuuations  for  this  approach  have  been  given 
previously  for  orthogonal  coordinates,  and  the  approach  has 
been  applied  successfully  to  problems  whose  gcon»slrics  can 
be  fitted  conveniently  with  orthogonal  coordinate  systems 
However,  geometnes  encountered  in  ‘ypical  subsonic  inict 
ducts  cannot  be  treated  easily  using  orthogonal  coordinates, 
and  this  led  to  an  extension  of  this  approach  by  Levy,  Briley, 
and  McDonald  (1983).  to  treat  ducted  geometries  with 
nonorthogonal  coordinates  The  nonorthogonal  capability 
has  been  validated  over  a  wide  range  of  inlet  flow  conditions 

Although  the  analysis  itself  was  general,  the  class  of' 
ducted  geometries  that  could  be  analyzed  was  represented  by 
supcrclliptic  cross-section^  normal  to  a  reference  line  space 
curve  having  continuous  second  derivatives  The  description 
of  the  supcrclliptic  cross-scciions  was  specified  by  polynomials 
defined  in  terms  of  a  marching  parameter,  t  In  generalizing 
the  geometry'  formulation.  Anderson  (1991)  extended  the 
analysis  to  cover  ducted  geometries  defined  bv  an  externally 
generated  gndfilc  I  his  version  of  the  31)  RNS  computer  code 
IS  called  RNS3D  Ihc  geometrv  description  within  the  gridfilc 
is  a  'ducted  geometry  which  has  a  variable  cross-sectional 
area  and  shape  and  a  centerline  which  is  curved  and  possibly 
twisted  In  addition,  the  duct  d'*scnbcd  bv  the  gndfilc  is  con¬ 
sidered  to  have  a  defined  centerline  with  continuous  second 
derivatives  fhe  surface  geometry  is  desenbed  in  terms  of 
cross-sectional  planes  which  lie  perpendicular  to  the  duct 
centerline,  and  thus  represent  the  flow  area  at  each  strcamwisc 
station  Since  the  inlet  duel  geometry  definition  has  been  re¬ 
duced  to  a  cross  section  specification  which  is  placed  perpen¬ 
dicular  to  a  centerline  space  curve,  a  number  of  grid  and 
geometry  pre-processing  functions  may  be  performed  using 
RNS3D.  These  pre-processing  functions  include  (1)  reclus- 
tenng  the  existing  gridfilc  mesh  points  for  more  accurate  sol¬ 
utions  in  regions  of  high  shear,  (2)  redefining  the  centerline 
space  cun’c  to  satisfy  design  constraints,  and  (3)  altering  the 
cross-scctional  shape  of  the  inlet  duct  to  reflect  specified  de¬ 
sign  Iterations.  The  approach  taken  by  Anderson  (1991),  is  to 
develop  a  gcuiiieiiy  pre-processor  lo  augincm  tiie  cxisiiiig  ge¬ 
ometry  and  grid  generation  programs  for  internal  inlet  duct 
configurations,  i  c.  to  partition  the  "work"  of  mesh  generation 
between  the  grid  generator  and  the  flow  solver 
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RFSlirS  \ND  DlSCl'SSIONS 
Comparison  .»id  Nahdatinn  Milh  K\perimental  Data 

lo  dcmonsfraic  the  acturatv  of  the  nimicnt.i!  iCMilis 
obiainedl  with  RNS"^!)  for  internal  Jua  (lows  npical  of  high 
.ingl(.-of-a(lask  eoiulitions.  a  senes  of  numerical  simulations 
were  earned  out  uMiig  the  I  niseisitv  of  iLiinessce  diffusing 
S-diiet  In  this  expcrmicni.il  iinestigation  sponsored  b\ 
\\S'\  I  cuis  Research  Center  Vakili.  \Vu.  I  iscr,  and  Bhal 
(1‘^Sh)  obtained  a  senes  of  measurement*  m  a  'n-'O  degree 
difhising  S-duct  ol  area  ratio  1  \snh  and  without  >ortc\ 
gcnct.itors  (1  ig  1 1  I  fic  .'h  M)  degree  circular  cross-scclion 
S-duct,  shown  in  I  ig  1.  was  made  from  two  ssmmcinc 
sections  1  he  iniet  duct  diameter  l>.  was  U>  M  cm  and  the 
mean  radius  of  cursaturc  R  was  S2  cm  A  straight  pipe 
section  of  length  4  was  mstatled  upstream  of  the  cursed 
section  to  allow  tor  the  desclopmcni  of  the  turbulent  bouiul- 
ars  laser  to  the  desired  thickness  Another  pipe  of  length 
'J  0/),  was  installed  downstream  of  the  S  duct- 


Fig.  (1)  Geometry  definition  of  the  Umv  Tennes^e  diffusing 
S-duct  configuration. 


All  measurements  were  made  at  a  nominal  inlet  Mach 
number  of  0  60  at  the  reference  measurement  station  in  the 
straight  section  at  -\7A«-  1  S4  I  he  floss  parameters  at  thi 
station  were  used  as  reference  conditions  for  non- 
dimcnsioni.^ing  the  experimental  data  Ihc  cxpcnmcntal  sur- 
ses  stations  correspond  to  X,7>,  =  00.  1  20.  2  49.  and  5  2  At 
each  surscy  station,  a  fisc-port  cone  probe  svas  traversed 
radially  at  ten  a/imulhal  angles,  approximalclv  20  degrees 
apart,  on  both  sides  of  the  symmetry  plane  At  least  sevcniv 
points  were  measured  at  each  traserse 

A  polar  grid  topology  (Fig  2).  svas  chosen  for  the  I  ni- 
vcrsiiv  of  Icnncssee  diffusing  S-duct,  consisting  of  49  radial. 
49  circumferential,  and  101  strcamwisc  nodal  points  in  the 
lialf-planc  Ihc  mlcrnal  grid  svas  constructed  such  that  the 
transverse  computational  plane  was  perpendicular  to  the  duct 
centerline  Grid  clustering  was  used  both  in  the  radial  and 


circumtercnti.il  directions  to  redistribute  the  nodal  points 
along  these  coordinate  lin;s  to  rcsolsc  the  high  shear  region 
near  the  wad  and  the  separation  region  in  the  second  bend 
Ihc  flow  in  the  inlet  duct  was  turbulent,  with  an  entrance 
Mach  number  ol  0  6,  Resnoids  number  based  on  an  inlet  di¬ 
ameter  ol  1  T6s  lo*.  and  the  inflow  corresponds  to  .t  sficar  laser 
<1  /),  “Otis  Ihcse  initial  conditions  were  applied  at  an  axial 
station  1  M  mlct  diameters  ( /) )  upstream  ol  the  duct  entrance 

hg  ^  shows  a  comparison  between  the  experimental 
and  computed  total  piessure  coeflicient  contours  at  \  />,  -  s  2 
In  both  the  experiment  and  analssis.  the  flow  in  the  S-duct 
separated  and  reatt.iched  in  the  second  bend  upstream  of 
\/A  -  •>  2  Ihis  flow  separation  was  caused  In  both  adverse 
pressure  gradients  and  the  ef1c-,.t  of  pressure-driven  secondary 
flow  resulting  from  duct  curvature  I  xpcrimcntal  mcasure- 
nicms  and  computational  results  from  the  11)  R\S  code  show 
excellent  agreement  for  a  simple  mixing  Icneih  tuibulcncc 
model 


IXi'hRIMKNlAl  DATA  ANAIVSIS.\+  “O.S 

I  Ig  (1)  Total  pressure  coefricient  contours  without  vortex 
generators,  \/A-5.2. 

As  separation  was  encountered  in  the  second  bend  of 
the  S-duct.  three  pa.rs  of  vortex  generator  devices  were  in¬ 
stalled  in  the  duct  at  \  A’ 0  09.  and  at  a/imutha!  angles  of 
-.iSu.  00.  and  180  degrees  with  respect  to  the  strcamwise  di¬ 
rection  Ihc  vortex  generator  pairs  had  geometric  incidence 
angles  of  and  -160  degrees  relative  to  the  duct 

ccntcrhnc  I  ig  4  shows  the  comparison  between  the  exper¬ 
imental  ,ind  computed  total  pressure  coelficieni  contours  at 
X  A  -  *>  2  (’omparison  of  contour  levels  between  the  sepa¬ 
rated  case  dig  3),  and  the  vortex  generator  case  (Tig  4). 
shows  that  the  vortex  generators  successfully  mixed  the  high 
energv  core  flow  with  the  low  energy  flow  in  the  wall  region 
to  suppress  separation  In  general,  the  computed  interaction 
between  the  induced  vortex  generator  flow'  and  rhe  pressure 
driven  scconilarv  flow  was  physically  realistic  and  the  agree¬ 
ment  between  experiment  and  analv  sis  is  considered  very  good, 
although  more  improvements  on  the  generator  model  must  be 
made 


EXPERIMENTAL  DATA  ANALYSIS,  y  f  -  0  5 

•■Ig  (4)  Total  pressure  coerficient  contours  with  vortex 
genentors.  X/A“  ^  ^ 

Figs  5  and  6  show  additional  flow  characteristics  ob¬ 
tained  with  the  3D  R\S  analysis  with  the  vortex  generator 
modeling  Ihc  secondary  flow  structure  from  the  vortex  gen¬ 
erator  model  just  dow’nstrcam  of  the  generator  region,  i  e  at 
A/A,  — 0.18.  IS  shown  in  I  ig  5,  and  clearly  reveals  the  three 
pairs  of  vortices  that  arise  from  the  three  pairs  of  counter¬ 
rotating  generators  The  iimitmg  streamline  signature  shown 
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Fig.  ^3;  Keaiiccj  Namier  Stoker  (KNS)  <»olution  \ho»ing 

seconder)’  flow  structure  from  vortex  generator  model, 

\/f),==0.18 


Fig.  (6)  Reduced  Navier  Stokes  (RNS)  solution  showing  limiting 
streamline  signature  of  vortex  generator  region. 


in  Fig  6  indicates  that  the  generator  configuration  tested 
ehrninaicd  the  flow  separation  encountered  m  the  second  bend, 
and  reveals  the  familiar  topographical  pattern  through  the 
generator  region  itself. 

Flow  Separation  and  Vortex  Liftoff 

The  three  dimensional  separation  encountered  m  the 
L  niversity  oflenncsse  diffusing  S-duct  was  very  large  m  area 
and  thin  m  extent  (F  igs  7  and  8),  and  this  separation  did  not 
alter  the  pressure  distnbution  in  a  substantial  manner  Sec¬ 
ondare  now  resulting  from  duct  curvature  caused  an  accumu¬ 
lation  of  boundary  layer  near  the  innerwall  of  the  first  ^0 
degree  bend  The  thick  boundary  laver  thus  established  wrs 


Fig-  (‘^)  Reduced  Navier  Stokes  (RNS)  solution  show'ing  limiting 
streamline  signature  of  separation  region  w'ithin 
Univ.  Tennessee  diffusing  S-duct. 


fig.  (K)  Surface  oil  Row  patterns  showing  separation  region 
Hithm  Univ.  Tennessee  diffusing  S-duct. 


espcciallv  susceptible  to  flow  separation  because  of  the  adverse 
pressure  gradients  induced  by  the  reverse  curvature  section  of 
the  second  hi  degree  bend  A  comparison  between  the  com¬ 
puted  oil  How  patterns  (represented  b\  the  limiting  streamline 
lopologx  in  I  ig  7)  and  the  experimental  oil  How  patterns 
presented  m  1  ig  8  shows  excellent  correspondence  Of  cx- 
c'^ptional  importance  is  the  fact  that  the  space  marching  RNS 
analXMs  method  using  ri.ARF  approximations  captures  the 
reverse  How  region  ol  this  separation 

lo  meet  the  required  confidence  level  of  code  vali¬ 
dation.  it  IS  also  essential  that  the  3D  R\S  marching  analysis 
be  able  to  capture  ihc  Known  topographical  structure  ol  the 
limiting  St  camhnes  in  the  vicinity  of  31)  separation  A  verx 
striking  and  significant  feature  ca mured  by  the  analysis  (Fig 
7).  and  seen  in  the  oil  Dow  pattern  (I'lg  8),  is  the  convergence 
of  the  limiting  streamlines  as  an  indication  of  three  dimen¬ 
sional  separation  taking  place  in  this  duct  Another  important 
and  striking  feature  is  the  symmeinc  pair  of  spiral  nodes  and 
pair  ol  saddle  points  that  were  clearly  captured  by  the  31)  RNS 
analvsjs  Ihc  topological  patterns,  as  shown  in  the  analysis 
l-ig  7,  and  the  pliotograph  of  surface  oil  flow  pattern  F  ig  8, 
also  re*  cal  the  remarkable  charactcnsuc  that  the  limiting 
streamlines  fornung  the  spiral  node  enter  only  from  down 
stream  ol  the  nodal  point  Ihc  verv  familiar  topological  pat¬ 
tern  shown  m  1  igs  7  and  8  is  known  to  describe  the  important 
stage  m  the  development  of  the  pair  of  counter  rotating 
vortices  that  form  m  the  first  30  degrees  of  turning  resulting  in 
vortex  liftoff  m  the  second  bend 

Table  1  presents  a  summary  of  the  computed  and  exper* 
inicnlal  results  for  the  separation  characteristics  in  the  Uni- 
versitv  of  Icnncssee  diffusing  S-duet  for  RNSJF)  and  two  FNS 
(F'uU  Navier  Stokes)  codes  currently  in  use,  PARC3D  and 
(  I  I  In  general,  all  three  computer  codes  show  remark¬ 
able  consistancy  with  regard  lo  the  location  ol  separation. 


‘  •  ’’  V 

a'k/'.V  k 

tv! 

Source  Sr|urnlifMi 

INifiil 

Renltnclimciil 

lenclh 

(AX//).) 

Cninpiil.'Uiniinl 

(trill 

CI'IJ 

1  ItllC 

(Milt.) 

RNS  (UNSID) 

25 

26 

49x49x95 

6  5 

PNS  (RARCdD) 

2.4 

1  7 

26x49x65 

600  0  + 

‘ 

I-NS  (O'  1.31)) 

24 

2  6 

26x49x65 

600  0  + 

l<\|>crimciil 

]  K 

1.2 

_ _ 

Table  I  Summary  of  computed  and  experimental  separation 

characteristics  for  the  Univ.  Tennessee  diffusing  S-duct. 
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while  iwo  codes.  KNS3D  and  C.I  (  3I>.  show  \cr\  good  agrec- 
m»;nt  with  regard  to  the  rcattachmcni  length  ilouever,  none 
of  the  computer  codes  showed  \cr\  good  agreement  with  re* 
gards  to  this  particular  set  of  experimental  data  In  general. 
KNSM)  was  .thlo  to  capture  the  essential  (eatures  of  sepa¬ 
ration  location  and  rcaiiachmcni  length  as  well  ,js  the  two 
I  \S  solutions,  ccriainh  with  lar  more  computational  elH- 
cicnc\ 

I  he  topographs  of  this  \cr\  iniport.'ini  flow  interaction 
IS  shown  schcmaiicalK  in  I  ig  ‘J.  while  1  igs  10  and  II  show 
the  computed  particle  traces  associated  with  vortex  IiflolT  for 
particles  orignaiing  at. v/iS  --0  03(['ig  10).,i7d.  =  0 30 (I'lg  II). 


Fig  (’i)  Topograph)  of  the  streamlines  associated  with  vortex 
liftoff. 


Fig.  (1(1)  Reduced  Navier  Stokes  (RNS)  solution  showing 
particle  traces  associated  with  vortex  Ufto(T« 
v*  *  O.Syyld,  0.03. 


It  IS  quite  apparent  that  fluid  particles  that  originate  well  in¬ 
side  the  entrance  boundarv  laser  can  influence  the  core  region 
o!  the  engine  lace  station 

In  gcner.il,  the  flow  separation  studied  here  was  domi 
n.itcvl  I's  piosMirc  forces  r.iflier  than  shear  fortes,  .is  would  be 
the  c.isc  with  ni.issise  sepai.tiion  in  the  inlet  duti.  siii.ii  that 
the  influence  ol  the  siress-dnsen  flows  was  small  and  tlic  cl 
(eclisc  siscosiiv  approach  surpnsingK  succcsslul  In  order  to 
explain  the  success  ol  space  marching  31)  RNS  methods  in 
describing  the  detailed  topographic, il  structure  ol  vortex  liflofT, 
It  must  be  concluded  that  there  exists  a  class  ol  separated  flows 
that  arc  dominated  b\  the  transport  ol  voriicilv  This  class 
ot  separation  interactions  can  be  called  vorticiiv  separations  . 
since  thev  difler  fundamcntalK  from  shear-driven  separations 

\oi1icitv  Dominated  Internal  Flow  Fields 

Several  numerical  factors  can  afiecl  the  atcuraev  of 
predictions  of  high  Rcvnolds  number  vorticilv -dominated 
internal  flows  I  hose  include  (1)  the  nature  of  numerical 
smoothing  (m  the  case  ol  I  ull  Navier  Stokes  analvscs),  (2)  the 
kind  ol  turbrlcnce  model  used  to  describe  the  turbulent  trans- 
port  properties,  and  (3)  the  foim  of  the  grid  distribution  to 
resolve  the  details  of  ^hc  viscous  boundarx  laver  in  the  near 
wall  region  where  the  '  Tiicity  is  the  largest  I  or  the  compu¬ 
tations  of  the  flow  within  the  Lniversity  of  fenncsscc  diffusing 
S-duct,  two  calculations  were  made  to  stud)  the  effects  of  near 
wall  grid  resolution.  In  the  first  case,  the  radial  grid  spacing 
was  chosen  to  give  a  nominal  y"  of  8  5  at  first  grid  point  above 
the  duct  wall,  and  in  the  second  case,  a  nominal  value  ofO  5 
was  chosen,  both  determined  at  the  duel  cntcrcncc  plane 
V//),  =.-0  0  Figs  12  and  13  show  the  effects  of  this  near  wall 
grid  lattice  resolution  on  the  total  pressure  coefficient  contours 
{I  ig  12),  and  the  secondary  flow  structure  (ITg  13).  both  at 
the  engine  face  station,  X  5  2  It  was  the  case  of >’*  «  0  5 
which  gave  the  best  agreement  with  the  cxpenmcntailv  meas¬ 
ured  engine  face  flow  field  (see  ITg  3)  The  very  strong  cflcci 
of  near  wall  grid  resolution  on  structure  and  strength  of  the 
engine  face  flow  results  from  the  very  nature  of  vorticity 
dominated  internal  flows  Since  the  largest  value  of  vorticiiv 
occurs  in  the  near  vvall  region,  and  secondary  flow  is  generated 
by  turning  ol  transverse  shear,  a  very  strong  cllcct  of  near  wall 
grid  resolaiion  was  rcali/'cd  as  stronger  secondary  (I  ig 
13).  which  had  consequently  an  appreciable  influence  on  the 
primary  flow'  (ITg  12)  Ihis  interaction  is  really  an  inviscid 


Fig.  (11)  Reduced  Navier  Stokes  (RNS)  solution  showing 
particle  traces  associated  with  vortex  liftoff. 


ANALYSIS,  )+ =8.5  ANALYSIS,  y+ =0.5 

Fig.  (12)  Effect  of  near  wall  grid  lattice  resolution  on  total 
pressure  coefTicient  contours,  X/f>,-=  5.2. 


ANALYSIS.  y+ -8.5  ANALYSIS,  y+  =0.5 

Fig.  (13)  Effect  of  near  wall  grid  lattice  resolution  on  secondary 
flow  structure,  X/0/»5.2. 
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rotational  phenomenon  rather  than  a  vivtou*:  phenomenon, 
ami  indii.atc<;  that  sotondars  flou  ha<:  Us  ultimate  origin  vcr\' 
near  the  uall  I  he  turbulence  model  will  thus  also  sirongh 
inlUicnce  the  strength  ot  sccondar\  now.  but  onK  as  an 
insMcid  rotational  phenomena  through  the  near  \'all  \nrtuuv 
distribution  and  not  neccssariK  as  part  of  the  turhukm  prop¬ 
erties  of  the  floss 

I  igs  14  and  I*'  shoss  the  limiting  sireamhnc  signatures 
obtained  with  the  Reduced  \a\ier  Stokes  code  for>*~8^ 
(I  ig  14)  and  for •  ---  0  5(1  ig  15)  Both  figures  dcarK  rcscal 
the  si/e  of  the  flow  separation  region  encountered  m  the  I  ni- 
scrsits  of  Icnncssce  diffusing  S*duct.  as  well  as  the  character¬ 
istic  topologs  associated  with  vortex  liftoff  However,  there  is 
a  marked  dtflercnce  in  the  calculated  extent  of  the  separated 
region  between  tiic  two  cases.  i  c  lack  of  near  wall  resolution 
diminishes  the  si/c  of  the  separated  region  It  is  quite  evident 
that  near  w.itl  resolution  plavs  a  vers  important  role  in  detcr- 
mininc  the  stru«.turc  of  the  separation  associated  with  vVortex 
liftofl' 


Fig  (14)  Reduced  Navier  Stokes  (RNS)  solution  showing 
limiting  streamline  signature  of  separation  region, 
y*  a  8.5. 


Fig.  (15)  Reduced  Navier  Stokes  (RNS)  solution  showing 
limiting  streamline  signature  of  separation  region, 
»  0.5. 


The  significance  of  near  wall  resolution  with  regards  to 
engine  face  distortion  is  presented  in  I  igs  16  and  If,  where 
the  distortion  parameters  used  for  compansion  arc  the  more 
advanced  ring  distortion  descriptors,  introduced  in  the  late 
1960  s  and  1970  s  These  parameters,  which  are  defined  by 
Anderson  ( 1991),  lake  into  account  the  distortion  of  each  nng 
of  total  pressure  measurements,  or  m  this  case,  at  each  nng 
of  the  radial  computational  mesh  In  comparing  the  two  cal¬ 
culations  m  Fits  16  and  17,  it  can  be  seen  that  a  maximum 
difTrrrnrf.  of  0  J2  C3n  bc  mcurrcd  .n  the  radwl  pivssuic  nng 
distortion,  while  a  maximum  uncertainty  of  001  can  be  rcal- 
i/'id  in  the  calculation  of  the  60*-scclor  circumferential  ring 


.1-  +  =  0  5 
d’  4-  =  8  5 


Dimensionless  Eiipinc  Fnee  Rntitiis, 

Fig.  ( 16)  EfTect  of  near  wall  resolution  (^’*)  on  engine  face 
radial  pressure  ring  distortion. 


_  j-  +  =  0.5 

.  .V-f  =  8.5 


Dimensionless  Engine  F.icc  Rnilms, 

Fig.  (17)[  Effect  of  near  wall  resolution  (>•♦)  on  engine  face 
60'^-sector  eireumferential  pressure  ring  distortion. 

distortion  descriptor  1  he  uncertainty  of  0  01  represents  a 
33'‘«  error  m  the  maximum  (>0“-secior  circumfcrcniirtl  ring 
distortion  indicator 

CONCLUSIONS 

lh»*  present  results  provide  a  validation  of  the  initial 
value  space-marching  3D  R\S  procedure  and  demonstrates 
accurate  predictions  of  the  compressor  fate  flow  field,  with  a 
separation  present  in  the  inlet  dutt  as  \,e!l  ,as  when  vortex 
generators  arc  insi.Ulod  to  suppress  separation  I  he  tompiu 
ing  time,  CPU  ™  6  5  mm  on  the  (  RA^  XMP  for  2  2S  x 
grid  points,  for  both  the  baseline  ease  and  the  case  with  three 
pairs  ofcountcr-roidling  vortex  generators,  is  sufficiently  rapid 
for  routine  use  in  an  analysis-design  engineering  environment 

Initial  value  space  marching  3D  RNS  procedures  using 
I LARC  uppioximations  can  adequately  describe  the 
topological  and  topographical  features  of  3D  flow  sepa.aiions 
associated  with  vortex  liftoff  w'lthm  inlet  ducts  I  he  success 
of  this  RNS  analvsis  m  describing  this  phenomenon  is  due  to 
the  existence  of  a  class  of  separated  flows,  which  can  be  called 
"vorlicily  separations',  which  are  dominated  by  the  transport 
of  vorliciiy  rather  than  turbulent  shear  cfTccls 

Adequate  near  wall  resolution  of  "vorticily  separated 
turbulent  flows  are  necessary  to  obtain  accurate  calculations 
of  the  strength  of  secondary  flows  that  develop  in  typical  inlet 
ducts,  and  m  particular,  the  si7c  and  shape  of  the  separated 
region  and  the  engine  face  total  pressure  recovery  map  and 
distortion  k,cl 


13-5-5 


RFFrREN( LS 

wni  RS()\,  I1IR\1I\R1)  il  I'WI  Ihc  AcrtidMiamiL 
(  har.iLlcriMits  ul  \\^rlo\  Inecsiion  lor  the  I  '-IS  Inlet 
Dua  \l  \  \  Paper  \o  ‘M-nno. 

\\l)l  RS()\.  »!R\n\Rnil  \1I\^.RAIPM  \ 
DcMen  Strateg\  tor  the  I  sc  ol  \  ottc\  GcncMtors  to  Man- 
ak:c  Inkt  I  nj;ino  Oistortjon  I  sing  (  omputatmal  I  Uud  1)\- 
nainits,  \l  \  \  Paper  \o  ‘}l-24'’4 

HRII  1  >,  W  R  ,  \  \If  nONAI  I).  II  VF'i  -\nal\sis  and 
(  otiipiUiUion  of  \’is(.ous  Suhsonit  Pnniar\  and  SctondaiA 
1  low  \1  \\  Paper  \o  14^^ 


BKim.  W  R.  .'L  \IC  DONAH).  H  I4S4  I  hrec- 
Dimcnsional  Viscous  i  lows  with  1  arge  Sccondars  \cioti 
ties  lournal  n[  i  luid  Mechanics,  144,  4‘^-77 

NX'S.  R.  liRIII^.  W  R.  A  Ml  DONAI  1).  H  l‘)N^ 
Xiscous-  Pnmar\  Sccondars  1  low  ■\nal\sis  lor  I’sc  uith 
Nononhogona!  (  oordinate  Ssstetns  \1\A  Paper  No 
SV0Ss6 

V\K1!  1.  A  D  .  \Vl  .  J  M  .  I  IM  R.  P  A  .  BUM.  M  K 
l‘^S6  I  \pcrimcnlai  Investigation  of  Setondarv  I  lows  in  a 
Dtirusing  S-Duct  with  Vortex  (jcncrators,  NASA 
NAC.-:U- 


13-5-6 


EIGIini  SYMPOSIUM  ON 
TURBULENT  SHEAR  FLOWS 
Technical  Univenily  of  Munich 
September  fl-l  I,  I9n| 


14-1 


AN  EXPERIMENTAL  AND  NUMER  CAL  STUDY  OF  CONFINED  AXISYMMETRIC  JET 

WITH  A  BLUFF  BODY 


M.  Senda,  S.  Okamolo  and  S.  Kikkawa 

Department  of  Mechanical  Engineenng,  Doshisha  University,  Kyoto  602,  Japan 


ABSTRACT 

Expenmental  and  numencat  studies  have  been  made  on  a 
confined  axisymmeinc  jet  with  two  types  of  bluff  bodies  one  is  a 
cyiindncal  nng  and  the  other  a  disk  both  having  a  same  blockage 
ratio  The  velocity  charactensiics  in  the  near  wake  h.we  been 
measured  with  a  laser  Doppler  velocimeter,  the  results  of  which 
have  been  compared  with  the  numcncal  calculations  using  the  k'C 
model  of  turbulence 

The  size  of  the  recirculating  region  behind  the  nng  was  not 
affected  by  the  velocity  ratio  UjAJs  of  the  fet  and  the 
circumferencial  flows,  whereas  both  the  axial  and  radial  extent  of 
the  recirculat.ng  region  behind  the  disk  became  larger  with 
increasing  Lj/Us  In  the  near-wake  region,  the  positions  where 
the  values  of  the  mean  axial  velocity  gradient  and  the  Reynolds 
shear  sovss  were  respectively  at  zero  did  not  necessarily  coincide, 
and  the  present  flow  indicates  the  existence  of  the  region  of  the 
negative  production.  The  numencal  calc  jlation  using  the  k*e 
model  predicted  fairly  well  the  mean  velocity  field  in  the  near 
wake  of  the  nng,  but  the  prediction  of  the  near  wuke  of  the  disk 
was  not  satisfactory  in  respect  of  both  the  axial  ard  radial  extent 
of  the  recirculating  region. 

1  INTRODUCTION 

Turbulent  recirculating  flows  occur  in  a  variety  of 
engineenng  situations,  flows  over  sicp.s  (Lim.  Kline  &  Johnston. 
1980,  Kondo  &  Nagano.  1991)  or  nbs  (Durst  &  Rastogi.  1980, 
Benodekar  el  al.,  1985),  and  around  bluff  bodies  (Fujit.  Gomi  & 
Eguchi,  1978;  Taylor  &  Whitelaw.  1984)  are  typical  ones 
Because  of  the  large  heat  and  mass  transfer  rates  associated  with 
the  high  turbulent  intensities,  flame  stabilization  of  many  practical 
con.bustiofi  chambers  is  often  achieved  in  the  recirculating 
region  We  are  concerned  with  the  locally  recirculating  flows 
which  are  established  behind  bluff  bodies.  Since  the  intense 
turbulent  mixing  in  the  near  ssake  is  the  decisive  factor  to 
understand  the  mechanism  of  the  flame  stabilization,  the 
aerodynamics  of  the  near  wake  have  been  studied  in  the 
isothermal  flows  (Fujii.  Gomi  &  Eguchi,  1978,  Taylor  & 
Whitelaw.  1984) 

In  the  prej>ent  paper,  an  axisymmetnc  confined  jet  is  studied 
both  expenmenially  and  numencally,  in  which  two  kinds  of  bluff 
bodies  (one  is  a  cylindrical  nng  and  the  othei  a  disk  both  having  a 
same  blockage  ratio)  are  installed  coaxially  at  a  downstream 
position  of  the  jet  nozzle.  The  axial  and  radial  velocity 
components  have  been  measured  with  a  laser  Doppler  velocimeter 
and  the  retailed  charactensiics  of  the  flow  field  in  the  wake  region 
arc  presented  A  further  purpose  in  making  these  measurements  is 
to  compare  the  expenmental  results  with  the  numencal  calculation 
using  3  turbulence  mode!  Applicability  ol  the  k-t  mudei  uf 
turbulence  to  the  present  flow  is  discussed  based  on  the 
companson  of  the  measured  results  with  those  oi  prediction. 


2  EXPERIMENTAL  AND  NUMERICAL  PROCEDURES 

Expenments  were  earned  out  in  a  circular  lube  in  which  the 
nozzle  and  the  bluff  body  were  msialled  coaxially  The  working 
fluid  was  water  The  mam  constructional  details  and  dimensions 
of  the  test  section  is  shown  schematically  in  Fig  1  The  inner 
diameter  D  of  the  tube  was  6()mm.  and  the  blockage  ratio  of  both 
the  bluff  bodies  was  same  and  equal  to  0  1 5  Measurements  were 
made  at  the  cross  secfons  of  x/D=0  4,  0  6.  10  and  2.0  for  three 
different  vel^ity  ratios  of  il)e  jet  and  the  circumferencial  flows 
,(UiAJa=I  0.  1  5  and  2  5)  The  mean  velocity  of  the 
circumferencial  flow  Us  at  the  inlet  of  liie  test  section  was  kept 
constant  at  1  lOm/s. 

A  two-color  four-beam  laser  Doppler  velocimeter  has  been 
used  m  the  present  expenme.U'.  and  the  axial  and  ihc  radial 
velocity  components  have  bcv-n  measured  simultaneously  In 
order  to  detect  a  negative  velocity  in  the  recirculating  region 
behind  the  bluff  body,  an  optical  frequency  shift  of  the  laser  beam 
has  been  accomplished  with  the  Bragg  cell  The  light  scattered  by 
small  particles  suspended  in  the  fluid  was  collected  by  a  lens  on 
the  same  side  of  the  transmission  optics  (backward  scattering 
optical  arrangement)  and  focused  at  a  pin  hole  m  front  of  a 
photomultiplier  The  output  of  the  photomultiplier  was  processed 
by  a  frequency  counter  which  provided  an  output  voltage 
proportional  to  the  frequency  of  the  input  signal.  The  output 
signal  from  the  counter  was  transferred  to  a  digital  computer  and 
processed  to  give  the  mean  velocities,  the  rms  values  of  their 
fluctuations  and  the  Reynolds  shear  stress  Since  the  refractive 
indexes  of  air,  the  material  of  the  circular  lube  (Pyrex  glass)  and 
the  working  fluid  (water)  are  different  from  each  other,  the  four 
beams  do  not  intersect  at  a  single  point  after  passing  through  the 
tube  wall  with  a  curvature.  In  the  present  expenments,  the 
circular  tube  was  enclosed  m  a  rectangular  duf'*  and  a  water 
solution  of  Nal  having  the  same  lefractive  index  as  that  of  the 
Pyrex  glass  was  filled  in  the  space  between  the  duct  and  the 
circular  tube  In  addition,  two  of  the  beams  (blue)  were 
geometrically  shifted  by  passing  them  through  the  optical  glass 
plates  outside  <he  duct  in  order  to  bring  four  teams  to  intersect  at 
a  single  point 

Although  the  results  presented  m  the  next  section  are  shown 
for  (he  half  cross  section,  symmctncity  of  the  flow  was 
corfirmed  at  every  cross  section  by  measunng  the  mean  axial 
velocity  profile  both  vertically  and  horizontally  in  a  plane 
containing  the  tube’s  a''is. 

The  governing  partial  differential  equations  for  a  two- 
dimensional  axisymmetnc  flow  (Pope  &  Whitelaw,  1976)  arc  as 
follows- 

—  (pU)  +  J  (rpVj  =  0 

S*  dr  ( I ) 
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where  U  and  V  are  the  mean  axial  ^md  radial  velocU) 
components,  p  the  density  of  the  fluid,  and  p  the  mean  pressure, 
respectively  x  and  r  stand  for  the  axial  and  radial  coordinates 
Each  component  of  the  Reynolds  stresses  appeared  in  the 
momentum  equations  has  been  described  using  the  eddy  viscosity 
Ml.  and  the  k-e  two  equation  model  of  turbulence  has  been 
applied  The  transport  equations  of  die  turbulent  kinetic  energy  k 
and  Its  dissipation  rate  e  are 
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where  pi  =pC«kV£  and 

o  L,au  8v^  -,au  -^v  --,v 
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The  Reynolds  stresses  can,  then  be  expressed  as  follows 
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The  values  of  (he  empirical  constants  appeanng  in  Eqs  (4)  and 
(5)  arc  the  standard  values  recommended  in  Launder  and 
Spalding  (1974) 


The  finite-diflerence  equations  have  been  obtained  by 
integrating  the  baMc  equations  over  the  control  volume  with  a 
hybrid  ccntral/upwind  ditferencing  scheme  being  used  for  the 
.convection  terms  A  staggered  nonuniform  grid  arrangement  (40 
'^27  grid  points)  wascmplovcd  lor  the  vekH.ilies.  while  all  other 
equations  were  solved  at  the  pressure  nodes  In  obtaining  the 
coefficients  of  the  difference  equations  at  the  gnd  points  adjacent 
to  the  corners  of  the  bluff  body  the  convection  and  the  diffusion 
contributions  were  such  that  it  accounts  for  the  fact  that  half  of  the 
control  volume  face  is  the  wall  and  the  other  half  exposed  to  the 
flow  (Durst  &  Rastogi,  1980)  The  solution  algorithm  employed 
here  was  the  SIMPLER  (Patanker.  1980)  in  which  the  axial  and 
radial  velocity  components  are  solved  iteratively  together  with  the 
pressure  correction,  and  the  solution  procedure  was  a  line  by  line 
method  m  conjunction  with  a  tndiagonal  matnx  solver 

Since  (he  turbulence  mode!  used  in  the  present  calculations 
IS  applicable  to  the  high  Reynolds  number  flows,  the  wall 
functions  (Rodi.  1980)  were  used  for  the  boundary  condition  of 
all  the  walls  The  dependent  variables  at  the  inkt  of  the 
ccMnpulational  domain  (at  the  exit  of  the  nuzzle)  were  given  based 
on  (he  measurements,  and  at  the  exit  of  the  computational 
domain,  the  fully  developed  flow  was  assumed 

3  RESOLTS  AND  DISCUSSION 

3  1  Mean  Velocity 

The  mean  axial  velocity  profiles  are  shown  in  Figs.  2  and  3. 
where  Um  is  the  mean  velocity  of  the  cross  section,  x  ih-*  axial 
distance  from  the  exit  of  the  nozzle,  r  the  radial  distance  from  the 
axis  of  symmetry  and  R(sD/2)  the  radius  of  the  circular  tube.  At 
the  position  of  \/D-0  4,  there  existed  a  region  where  the  mean 
axial  velocities  were  negative.  The  size  of  the  recirculating  region 
behind  the  nng  are  seemed  not  to  be  affected  by  the  velocity  ratio 
UjAJv  of  the  jet  and  the  circumferencial  flows  in  both  the  axial 
and  radial  directions  The  recirculating  region  extended 
downstream,  at  most,  up  to  x/D=0  6  in  all  cases  of  Uj/Uv,  as  the 
velocity  profiles  at  the  position  of  x/D=  I  0  indicated  that  the  flow 
disturbed  by  the  nng  began  to  redevelop  to  a  fully  developed  one 
On  (he  other  hand,  the  recirculating  region  behind  the  disk  was 
larger  than  that  of  the  ring  and  its  size  changed  with  the  velocity 
ratio  The  axial  and  radial  extent  of  the  recirculating  region 
became  larger  with  increasing  U since  the  jet  flow  impinged 
on  (he  frontal  plane  of  the  disk  was  bended  towards  the  tube  wall 
more  strongly  with  increasing  jet  velocity.  The  streamline  angle 
near  the  training  edge  of  the  disk  increased,  which  can  be 
confirmed  from  Fig.  4  of  the  velocity  vector  m  the  near  wake 

In  Figs  2  and  3,  the  numencal  calculations  using  the  k-e 
model  of  turbulence  arc  compared  with  the  expenments  The 


Fig.  I  Schematic  diagram  of  the  test  section. 
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agreement  between  them  is  fairly  good  in  the  case  of  the  ring,  free  shear  layer  of  the  jet  The  large  values  of  v  resulted  from  llie 
although  the  expenmental  data  at  the  position  of  x/D=I  0  separating  shear  layers  are  also  seen  in  the  figure.  In  the  ^ase  of 

indicated  somewhat  lower  values  ijear  the  axis  of  symmetry  TTiis  the  disk,  the  u'  and  v’  values  of  the  separating  shear  layer 

difference  between  the  numencai  and  the  expenmcmal  results  has  increased  and  their  peak  positions  moved  towards  the  tube  wall 

been  slightly  improved,  when  the  algebraic  stress  model  was  with  increasing  velociis  ratio,  which  also  indicated  the  larger 
used  in  the  calculation  (Senda  et  al .  1991)  In  the  case  of  the  extent  of  the  recirculating  .egion  in  the  radial  direciion  On  the 

disk,  the  numerical  calculation  predicted  well  the  effect  of  Uj/Us  other  hand,  both  u’  and  v'  were  large  in  the  recirculating  region 

on  the  mean  velocity  profiles  m  the  recirculating  region,  but  the  behind  the  bluff  bodies,  but  their  values  were  almost  constant  and 
agreement  with  the  expenments  1$  not  so  good  quantitatively  As  equal  independent  of  the  velocity  ratio  The  intense  turbulent 

will  be  seen  in  Fig  6,  the  high  turbulent  intensities  were  mixing  in  this  region  can  be  inferred  from  these  figures 

observed  in  the  recirculating  region  of  the  disk  For  those  flows 

m  which  there  IS  large  production  of  the  turbulent  kinetic  energy  3  3  Reynolds  Shear  Stress 

through  the  normal  stresses,  calculations  using  a  scalar  eddy  If'  P'g-  ^  shown  the  distributions  of  the  Reynolds  shear 

viscosity  like  the  standard  k-c  model  would  be  inaccurate  stress  uv  for  the  case  of  the  ring  Corresponding  to  the  sign  of 
Leschziner  and  Rodi  (1981)  proposed  a  \  anant  o(  the  k-c  model  the  mean  axial  velocity  gradient,  the  Reynolds  shear  stress  profile 

which  accounts  for  the  effects  of  the  stieamhne  curvature  on  at  x/E>=0  4  had  a  local  maximum  (a  large  positive  value)  or  a  local 

turbulence  In  their  paper,  it  was  also  pointed  out  that  the  hybrid  minimum  (a  large  negative  value).  It  is  also  seen  that  the  local 
central/upwind  differencing  scheme  is  a  deficient  tool  for  maximum  due  to  the  free  shear  layer  of  the  jet  increased  with  the 

simulating  a  recirculating  flow,  unless  exc  ’dingly  fine  gnds  are  velocity  ratio  At  the  downstream  positions  of  x/D=  1 .0  and  2  0. 

used  The  k-c  model  modification  together  with  the  hybnd  the  expenmental  data  shows  that  the  positive  values  of  uv  did  not 

differencing  scheme  was  not  effective  in  improving  the  present  exist  near  the  axis  of  symmetry  in  the  cases  where  the  excess  jel 

results  Therefore,  a  higher-order  differencing  scheme  in  respect  velocity  over  the  circumferencial  flow  disappeared 

of  the  numencai  diffusion  should  be  employed  for  the  calculation  In  the  same  figure,  the  numencai  calculations  using  the  k-e 

model  of  turbulence  are  compared  with  the  expenmental  results 
3  2  Turbulent  Intensities  The  calculations  did  not  agree  well  with  the  expenments  at  the 

Tlie  turbulent  intensities,  u'  and  v',  of  the  axial  and  radial  positions  of  x/I>=l  0  and  2  0.  especially  in  the  region  from  the 

velocity  components  are  shown  in  Figs  5  and  6  In  the  case  of  axis  of  symmetry  to  r/R=0  4  This  caused  from  the  fact  that  a 

the  nng,  the  u'  profiles  at  x/D=0  4  had  three  peaks,  the  radial  little  higher  vsdues  of  the  mean  velocity  than  the  expenmental  data 
positions  of  which  corresponded  to  the  steep  mean  velocity  were  predicted  near  the  axis  of  symmetry  In  the  case  of 

gradients*  two  of  which  are  due  to  the  separating  shear  layers  LIjAJ$=l  0.  for  example,  the  mean  velocity  gradient  of  the 

from  the  inner  and  outer  edges  of  the  ring  and  the  third  cne,  calculation  at  these  positions  was  negative  in  sign  near  the  axis  of 

which  became  conspicuous  with  increasing  UjAJj,  is  due  t'  'c  symmetry,  while  the  local  maximum  of  the  velocity  profile  on  the 


Fig.  2  Mean  axial  velocity  (Ring) 
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axis  disappeared  in  the  results  of  the  expenments  Therefore,  the 
positive  values  of  the  Reynolds  shear  stress  near  the  axis  of 
symmetry  were  predicted  numerically  in  contrast  to  the  negative 
values  of  the  expenments  Figure  8  shows  the  companson 
between  the  numerical  and  the  experimental  results  of  the 
Reynolds  shear  stress  for  the  case  of  the  disk  As  seen  from  the 
Fig  3.  the  prediction  of  the  mean  velocity  profile  was  not 
satisfactory  in  respect  of  both  the  narrow  width  and  the  short 
length  of  the  recirculating  region  This  reflected  on  the  results  of 
the  Reynolds  shear  stress,  leading  to  a  large  difference  between 
them  in  the  region  from  r/R=0  4  to  0  8. 

An  important  fact  which  is  of  interest  expenmentally  is  that 
the  radial  positions,  where  the  values  of  the  mean  axial  velocity 
gradient  and  the  Reynolds  shear  stress  were  respectively  at  zero, 
did  not  necessarily  coincide  It  was  then  confirmed  that  there  is  a 
region  of  the  turbulent  energy  reveisal  (that  is,  the  negative 
production),  which  is  indicated  in  the  figures  as  the  shaded 
portion  The  region  of  the  turbulent  energy  reversal  is  seen  to 
exist  in  the  recirculating  region,  and  the  same  phenomenon  has 
been  reported  for  a  flow  behind  a  two-dimensional  nozzle  and 
bluff  body  combination  (Fujii,  Gomi  &  Eguchi,  I978i  Further 
examination  which  is  in  progress  is  required  on  the  turbulence 
structure  in  this  region 


x/D 

Fig  4  Velocity  vector  m  the  near  wake  of  the  disk. 
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4.  CONCLUDING  REMARKS 

E\r>cnnienlai  and  numerical  studies  have  been  made  on  a 
confined  axisymmetric  jet  wi»h  a  budf  body  The  velocity 
characteristics  in  the  near  wake  ha'  •  been  measured  with  a  laser 
Doppler  velocimeier,  the  results  of  which  havp  been  compared 
with  the  numerical  calculation  using  the  k-c  model  of  turbulence 
The  mam  results  obtained  are  summarized  as  follows' 

(1 )  In  the  case  of  the  nng,  the  size  of  the  recirculating  region  was 
not  atfected  by  the  velocity  ratio  Uj/U«  of  the  jet  and  the 
circumferencial  flows  On  the  other  hand,  both  the  axial  and 
radial  extent  of  the  recirculating  region  behind  the  disk  became 
larger  with  increasing  Uj/Us,  since  the  jet  flow  impinged  on  the 
frontal  plane  of  the  disk  was  bended  more  strongly  towards  the 
tube  wall 

(2)  The  turbulent  intensities  profiles  in  the  near  wake  indicated  the 
local  maxima,  which  are  due  to  the  separating  shear  layer  from 
the  edge  of  the  bluff  body,  and  due  to  the  free  shear  layer  of  the 
jet  in  the  case  of  the  nng 


Fig.  5  Turbulent  iniensiiics  (Ring) 


(3)  In  the  recirculating  region,  the  positions  where  the  values  of 
the  mean  axial  velocity  gradient  and  the  Reynolds  shear  stresr 
were  respectively  at  zero  did  not  necessarily  coincide,  and  the 
present  flow  is  further  cxpeninental  evidence  of  the  phenomenon 
of  the  negative  production 

(4)  The  numerical  calculations  using  k-e  model  of  turbulence 
predicted  fairly  well  the  mean  velocity  field  m  the  near  wake  of 
the  nng.  whereas  the  prediction  of  the  mean  velocity  field  of  the 
disk  was  not  satisfactory  in  respect  of  both  the  axial  and  radial 
extent  of  the  recirculating  region 


Fig  6  Turbulent  intensities  (Disk) 


14-1-5 


1  0X10 


REFERENCES 


BenodeUr.R  W  Goddard. A  J  H  ,  Gosnian.A  D,&  hsa.R  1 
l‘>NS  Nimicriiai  prediLlion  ot  lurhulenl  flow  over  surface- 
Iiioumcd  ribs  MAAJ  21,  ISy  Ibh 

Dursl.F  &  Rastogi.A  K  1980  Thcorelita!  and  experimental 
•nvesiigalions  of  turbulent  flows  with  separation  Turbulent 
Shear  Flows  2  (ed  F  Durst  et  al )  Springer,  208-219 

Fujii.S  .  Goini.M.&  Eguchi.K  1978  Cold  flow  tests  of  a  bluff- 
body  flame  stabilieer  Trans  ASME,  J.  Fluids  Eng  100, 
.f23-,2.1.1 

Kim.J  ,  Kline.S  J  &  Johnston, J  P.  1980  Investigation  of  a 
reattaching  lurhulenl  shear  layer  Flow  over  a  backward¬ 
facing  step  Trans  ASME,  J  Fluids  Eng  102,  302-.308 

Kondo.T  &  Nagano.  Y  1989  Computational  study  of  separating 
and  reattaching  Hows  behind  a  backward-facing  step 
tSimulalio.i  ot  a  large-scale  flow  slructure)Trans.  JSME(B), 
.SS,  1016-1021. 

Launder, 6  E  &  Spalding.D  B  1974  The  numerical  computation 
of  lurhulenl  flow  Compul  Mech  Appl  Mcch  Eng  3. 
269- 

Lesch/iner.M  A  &  Rodi.W  1981  Calculation  of  annular  and 
twin  parallel  jets  using  various  discretiration  schemes  and 
turbulence-model  variations.  Trans  ASME.  J  Fluids  Eng 
103,  352-360 

Palankar.S  V  1980  Numencal  Heat  Transfer  and  Fluid  Flow 
McGraw-Hill 

Pope.S  B  &  Whitelaw.J  H  1976  The  calculation  ot  near-wake 
flows  J  Fluid  Mech  73.  9-32 

Rodi.W  1980  Turbulence  Models  and  Their  Applications  in 
Hydraulics  lAHR 

Senda.M  .  Nishimura.M,  Hayama.K  &  Taira.T  1991 
Numerical  analysis  of  an  axisymmebical  confined  jet  with  a 
bluff  body  Trans  JSME(B),  57,  360-365. 

Taylor.  A  M  K  P  &  WhitelawJ.H.  1984  Velocity  characteristics 
in  the  turbulent  near  wakes  of  confined  axisymmetnc  bluff 
bodies  J.  Fluid  Mech  139,391-416 


Fig  8  Reynolds  shear  stress  (Disk) 
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ABSTRACT 

A  comprehensive  series  ot  smoke  flow 
visualisation  and  laser  induced  fluorescence 
experiments  was  perfoiraed  in  a  study  of  the 
dispersion  processes  of  obstructed  and  confined 
incompressible  gas  Jets  It  was  found  chat 
large-scale  vortical  structures  dominated  the 
entrainment  of  ambient  air  Into  a  free  Jet  The 
presence  of  obstacles  within  the  flowfield 
generated  additional  vortlcicy  which  locally 
enhanced  the  concentration  decay  within  the 
release  However,  the  creation  of  reclrculatory 
regions  In  the  wake  of  certain  obstacles  reduced 
entrainment  into  these  areas  For  hazardous 
releases,  this  could  give  rise  to  a  steady 
flammable  or  toxic  mixture  within  the  wake 


NOMENCUTURE 

d  cylinder  diameter  or 

flat  place  width 

I(x)  laser  sheet  Intensity  distribution 

1  distance  from  source  to  obstacle 

number  d^'nslty  of  jet 
number  density  of  seeding  material 
Re  Reynolds  number 

Sj  fluorescent  intensity 

X  downstream  coordinate 


INTRODUCTION 

The  possible  ignition  of  an  accidental  release 
of  pressurised  flammable  gas  poses  a  major  hazard 
to  the  production,  processing  and  transport 
operations  of  the  natural  gas  industry  In  the 
majority  of  cases,  Che  release  would  initially 
take  Che  form  of  an  undetexpandod  Jet  (Ewan  and 
Moodie,  1986)  Downstream  of  this  highly 
compressible  region  Che  flow  would  decelerate  out 
would  remain  raoraentum-domlnaLed  Buoyancy 
effects  would  become  important  at  a  further 
distance  downstream  This  paper  examines  the 
behaviour  of  experimental  releases  within  the 
momentum  dominated  region 

Given  the  highly  congested  n.'^ture  of  c!  '  gas 
production  -^rvironmenc,  it  was  necessary  to 
determine  the  effects  on  flow  behavlo  ct  an 
obstructivm  within  this  momentum-domim  ed 
region  In  particular,  It  was  necessary  to 
characterise  the  resulting  variation  in 
dlsoersinn  rhflr/>cteristicc,  as  prcliminai,/  flux' 
vlsualisAClon  experiments  had  Indicated  that  such 
obstruction  might  have  a  '^ajor  impact  on  the 
inital  dispersion  of  a  low  Reynolds  number 
release 


This  paper  considers  three  types  of  release  for 
Re  <  1  X  10*  no  obstruction,  obstruction  by  a 
circular  cylinder,  and  obstruction  by  a  flat 
place  Details  of  Che  flow  structure  were 
obtained  by  smoke  flow  visualisation  The 
concentration  measurements  were  determined 
through  image  analysis  of  the  results  of  laser 
Induced  fluorescence  of  iodine  seeded  flows 


EXPERIMENTAL  METHOD 

A  vertical  flow  wind  tunnel  was  designed  which 
is  suitable  for  use  in  both  smoke  flow 
visualisation  and  laser  induced  fluorescence 
(LIF)  experiments  The  tunnel  is  shown 
schematically  in  Fig  1  The  Illumination  for 
the  experiments  was  provided  through  window  1  by 
a  laser  light  sheet  formed  from  the  514  5  run  line 
of  an  Argon-ion  laser  (5W  all  lines).  Each 
experiment  was  video  recorded  through  window  2 
via  a  CCD  camera  (plus  Image  intensifier  for  LIF 
tests)'  for  later  analysis  on  an  Imaging 
Technology  Series  151  image  processing  'system, 


Fig  1  Exptrimentol  opporotus 
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Two  types  of  ssmke  flow  visualisation  were 
possible  In  both  cases  pressurised  air  from  a 
cylinder  supply  was  fed  to  a  Dreschel  chamber 
where  a  cigarette  was  burning  Vortical  flow 
within  the  chamber  ensured  that  the  Incoming  air 
was  thoroughly  mixed  with  the  smokt  before 
passing  out  of  the  chamber  Thereafter  the 
seeded  air  flov’  followed  one  of  two  routes  It 
could  simply  pass  through  pipeline  1  before  being 
discharged  through  an  orifice  plate  into  the 
tunnel  test  section  as  a  jet  flow  This 
, ^rmitted  direct  visualisation  of  the  jet  and  its 
subsequent  dispersion 

Alternatively,  the  smoke  seeded  flow  could  be 
directed  across  the  tunnel  through  pipeline  2  in 
which  a  series  of  holes  ^ere  drilled  The 
resulting  smoke  1^  les  were  drawn  through  the 
tunnel  by  a  fan  located  at  its  base  If  an  air 
alone  jet  was  simultaneously  released  Into  the 
test  section  along  pipeline  1,  it  was  possible  to 
study  the  entrainment  behaviour  of  the  initial 
region  of  the  Jet  as  it  mixed  with  the  ambient 
smoke  seeded  alrstrcam 

For  LIF  tests,  It  was  necessary  to  seed  fhe 
flowfield  with  a  suitable  fluorescing  medium 
For  an  incompressible  release,  it  may  be  found  at 
any  point  in  a  Jet  flowfield  Illuminated  by  a 
laser  sheet  of  intensity  variation  I(x),  that 

Sj  -  constant  x  I(x)'  x  (1) 

where  is  the  resulting  fluorescent  intensity 
and  N  ^  ^  is  the  number  density  of  the  seeding 
material  at  that  point  !»■  Is  further  possible 
to  directly  relate  W  to  where  Is 

the  number  den;»ity  ol*tne  injected  gas  (Hartfleld 
cc  al,  1989)  Therefore,  when  I(x),  is  known,  It 
IS  possible  to  obtain  relative  concentration 
values  at  ‘ach  point  in  Che  flow  by  relating  the 
local  fluorescent  Intensity  to  its  value  at  the 
exit  from  the  orifice  plate,  where  the 
fluorescence  is  assumed  to  correspond  to  a  lOOZ 
concentration  of  the  Injected  gas  Relative 
concentration  maps  were  routinely  obtained  via 
Che  image  processing  system 

Caseous  iodine  will  fluoresce  strongly  when 
excited  by  light  at  514  5  nm  and  was  therefore 
selected  as  the  seeding  material  for  these 
expei’menrs  It  was  generated  by  sublimation 
through  the  application  of  heat  ^.o  a  pressure 
bomb  containing  iodine  crystals  Nitrogen  was 
used  as  the  carrier  gas  to  prevent  the  formation 
of  iodic  acid  through  the  reaction  of  iodine  with 
Che  water  content  of  air  It  was  al7o  necessary 
to  fit  trays  of  activated  carbon  In  the  bottom 
part  of  the  tunnel  in  order  to  prevent  the 
lelease  of  iodine  to  the  outside  environment 


LIMITATIONS 

An  initial  application  of  the  LIF  technique  to 
an  unobstructed  release  at  Re  ~  800  revealed  two 
particular  shortcomings  Firstly,  the  low 
signal-co-noise  ratio  (SNR),  associated  with  use 
of  the  image  inrensifier  at  low  fluorescent  light 
levels  precluded  any  analysis  based  on  a  single 
video  frame  Some  time-averagl'^g  was  required. 

1  e  the  averaging  of  n  successl/e  video  frames 
Consequently,  it  was  rossib’e  ro 
short  period  concentration  fluctuations  within 
Che  shear  layers  (Mungal  and  Hollingsworth, 

1989)  However,  it  was  possible  to  obtain  the 


mean  concentration  field  foi  these  regions  Flow 
visualisation  data  provided  additional 
Information  on  unsteady  phenomena,  e  g  vortex 
development 

The  second  shortcoming  was  the  occurrence  of 
optical  thickness  for  an  initially  laminar  flow 
A  region  of  a  seeded  flov  Is  deemed  to  be 
optically  thick  if  the  seeding  absorbs  sufficient 
laser  energy  to  significantly  reduce  the  laser 
illumination  of  other  regions  of  the  flow  which 
lie  behind  It  Although  the  iodine  seeding  level 
produced  no  problems  for  fully  turbulent 
releases,  the  limited  expansion  of  the  laminar 
region  and  the  associated  low  levels  of 
entrainment  did  not  provide  sufficient  dilution 
of  the  iodine  seeding  to  allow  quantitative 
analysis  in  this  region  (Qualitative 
information  was  available)'  It  was  considered 
uhat  the  very  limited  extent  of  laminar  flows  in 
this  study  does  not  make  this  a  major 
shortcoming 


THE  UNOBSTRUCTED  RELEASE 

Flow  visualisations  and  concentration 
measurements  were  obtained  for  releases  from  a 
2tnni  diameter  ciicular  nozzle  Exit  velocities 
ranged  between  3  m/s  and  60  m/s  The 
corresponding  Reynolds  number  range  lies  from  400 
to  8000  based  on  the  characteristic  dimension  of 
the  Initial  jet  diameter 

Fig  2  shows  that  an  initially  laminar  release 
at  Re  -  800  underwent  a  transition  to  turbulent 
flow  at  some  distance  downstream  The 
instability  of  the  turbulent  shear  layer  lead  to 
the  formation  of  large  scale  vorcicts  which 
rapidly  accelerated  the  entrainment  of  ambient 
air  Into  the  jet  (Tso  and  Hussain,  1989)  As  Re 
was  increased,  it  was  found  that  a  criticuj.  value 
existed  beyond  which  the  flow  was  fully  turbulent 
from  the  exit  Increases  In  Re  beyond  this  value 
caused  an  increased  diffuseness  of  the  vortical 
structures 


Fig  2  Free  jet  at  Re  “  800 


The  unsteady  nature  of  the  jet  vorclcity  is 
shown  In  Fig.  3,  an  average  over  32  video  frames 
(1  28  seconds)  of  the  Re  -  800  release  It  can 
be  seen  that,  as  discussed  in  the  Introduction, 
such  an  averaging  process  removes  the  short 
period  time*dependent  detail  of  the  shear  layer 
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structure  The  L  I  F  experiments  provided  only 
mean  flow  Information 


Fig  3  Time-averoged  image  at  Re  =  800 


It  was  found  that  L  I  F  results  could  be 
fully  quantified  for  Re  >  1700,  1  e  there  was  no 
optical  thickness  problem  above  this  value  The 
centreline  concentration  profile  for  a  release  at 
Re  -  2700  Is  shown  in  Fig  4,  where  it  can  be 
seen  that  the  initial  decay  was  near-linear,  with 
a  gradual  decrease  in  decay  rate  with  increasing 
distance  downstream 


Fig  4  Centreline  concentrotion  for  free  jet.  Re  2700 


With  Increases  in  Re  above  2700  it  was  found 
that  there  was  only  a  very  limited  effect  on  the 
centreline  concentration  distribution  Fig  5 
shows  the  cross-jet  concentration  profiles  for 
Re  •  2700  and  8000  at  25  exit  diameters 
downstream  of  the  exit  The  profiles  both  havi»  a 
Gaussian  form  with  a  slightly  reduced  peak 
concentration  value  at  the  higher  Reynolds 
number  There  was  no  noticeable  change  in  the 
lateral  extent  of  the  Gaussian  with  increasing 
Reynolds  number  These  results  indicate  that  the 
increasing  diffuseness  of  the  vortical 
structures,  noted  in  the  smoke  experiments,  did 
not  significantly  alter  the  entrainment  of  air 
into  the  centre  of  the  jet 


DtitQncf  from  ]tt  eentralin*  mm 


Fig  5  Croi»-jet  concentrotion  distribution  ot  25d  downstream 


OBSTRUCTION  OF  A  JET  BY  A  CIRCULAR  CYLINDER 

The  impingement  of  a  Jet  on  a  i^tructure  of 
circular  cross-section  is  highly  likely  if  a 
release  occurs  within  the  congested  environment 
of,  for  example,  a  production  platform  or 
refinery  This  Investigation  studied  the  effects 
of  impingement  on  a  cylinder  of  high  aspect 
ratio,  I  e  length-to-diameter  ratio  The  high 
aspect  ratio  was  chosen  in  order  to  minimise  any 
three  dimensional  effects  A  range  of  cylinder 
diameters  (d)  and  Jet-to-cyllnder  distances  (1), 
were  considered  The  flow  was  studied  in  the 
plane  of  the  Jet  centreline,  perpendicular  to  the 
cylinder  axis  As  for  the  unobstructed  case,  the 
flow  was  studied  for  releases  from  a  2mm  nozzle 
over  a  Re  range  of  400  to  8000 

As  for  the  unobstructed  Jet,  smoke  flow 
vl,»ualisation  revealed  that  a  Jet  obstructed  by  a 
circular  cylinder  underwent  a  transition  from 
laminar  to  turbulent  behaviour  at  seme  value  of 
Re.  It  was  noted  that  where  transition  occurred 
downstream  of  the  obstacle  the  post- Impingement 
flow  took  chs  form  of  two  laminar  Jets,,  where  the 
rapid  widening  of  these  Jets  marked  the 
transition  to  turbulence  The  transition  point 
moved  upstream  with  increasing  Re  Once  the 
transition  point  had  moved  upstream  of  the 
obstacle,  a  slight  increase  in  Re  caused  the  jet 
to  become  fully  turbulent  from  the  exit  This 
could  have  been  a  consequence  of  accelerated 
instability  of  the  Jet  shear  layers  through  the 
upstream  reflection  of  downstream  propagating 
disturbances  by  the  cylinder  surface 

Analysis  of  the  series  of  visualisation 
experiments  suggests  that  for  1/d  -  5  and  Re  > 
2700  there  was  a  Coanda  effect  around  the 
cylinder.  I  e  the  Jet  core  split  at  the  point  of 
impingement,  followed  the  curvature  of  the 
cylinder  and  then  recombined  to  the  rear  of  the 
cylinder  As  shown  lu  Fig  6,  the  Jet  shear 
layers  also  followed  this  curvature  to  a  limited 
exetent  and,  as  a  consequence,  there  was  an 
apparent  "waist"  in  the  immediate  wake  of  the 
cylinder  Downstream  of  this  "waist"  large-scale 
vortical  structures  could  be  seen  In  the  flow 

For  those  configurations  where  the  Coanda 
effect  occurred,  it  wa';  further  found  that  there 
existed  a  range  of  Re  within  which  there  was  a 
pronounced  lateral  osctllarinn  of  fhe  weke 
was  also  noted  that  for  an  asymmetric  geometry, 

I  e  one  where  the  Jet  was  not  properly  aligned 
with  the  centre  of  the  cylinder,  the  Coanda 
effect  produced  a  marked  deviation  of  the  wake  to 
either  the  left  or  the  right  depending  on  the 
Initial  asynunetry  This  Indicates  that  the  wake 
oscillation  described  above  for  a  symmetric 


geometry  was  a  consequence  of  disturbances  in  the 
shear  layer  u^jstredin  of  the  cylinder  creating  an 
effectively  asymmetric  jet  at  the  point  of 
impingement  As  a  result  there  was  a  verv  strong 
Coanda  effect  on  one  side  of  the  cylindei  such 
chat  the  flow  remained  attached  until  close  to 
the  rearmost  point  This  caused  a  pronounced 
movement  of  the  wake  to  the  other  side  of  the 
cylinder  Further  disturbances  moved  the 
upstream  asymmetry  to  this  side,  which  resulted 
in  the  above  cycle  repeating  in  the  opposite 
direction 


The  Coanda  effect  was  not  found  for  1/d  >  5 
For  these  higher  values  of  l/d,  it  can  be  seen 
from  Fig  7  that  there  was  little  apparent  effect 
of  Che  cylinder  on  the  visible  flow  structure  for 
fully  turbulent  •'eleases  However,  there 
remained  considerable  vortical  activity  within 
Che  flow 


It  was  found  chat  L  I  F  results  could  be 
quantified  for  Re  >  1700  Fig  8  shows  the 
centreline  concentration  decay  tor  1  -  25mn  and 
d  -  5mm  at  Re  -  2700  It  can  be  seen  that  the 
t  cnicentratlon  immediately  downstream  of  the 
cylinder  cannot  be  obtained  by  linear 
extrapolation  of  the  immediately  upstream  value, 
although  Fig  9  shows  that  cross-jet 
concentration  profiles  both  upstream  and 
downstream  of  *'he  cylinder  have  an  approximately 
Gaussian  form  Comparison  with  the  free  jet 
distribution  at  Che  same  Re  revealed  that 
entrainment  into  the  jet  was  reduced  upstream  of 
the  cylinder,  This  was  a  consequence  of  the 
blockage  of  the  upstream  effect  of  any  downstream 
vortices.  However. ■  the  concentration  decay 
downstream  was  far  greater  than  that  of  the  free 
jet  This  was  a  consequence  of  the  enhanced 
turbulent  mixing  promoted  by  the  Coanda  effect 
Increasing  Re  was  found  to  further  increase  this 
mixing 


F19  6  Effecl  of  cylinder  on  cenlreime  cofYcentrotion 
Re  =  2700,  I  *5  25mpn,  d  “  5mm 


9  Effect  of  cylinder  on  cro«i-jet  concentrotion  dietributron 
“  2700,  I  ■  25  mm,  d  **  5mm 

An  increase  in  1  to  50mm  for  the  same  cylinder 
had  a  marked  effect  on  the  flow  development  For 
fully  turbulent  releases  there  was  no  Coanda 
effect  It  would  appear  that  if  the  width  of  the 
Jet  at  the  point  of  impingement  exceeded  the 
width  of  the  cylinder  by  greater  than  a  critical 
margin,  then  the  radial  p’^essure  gradient  normal 
to  the  cylinder  could  not  balance  the  centrifugal 
fvtue  exerted  by  the  flow.  Consequently,  the  jet 
expanded  linearly  past  th*)  cylinder,  Upstream  of 
the  cylinder,  the  dilution  of  the  jet  was 
slightly  increased  above  free  Jet  levels  as  a 
result  of  IncreaFed  vortical  behaviour  There 
was  little  notable  difference  between  the  decay 
curves  downstream  of  the  cylinder,  and  increasing 
Re  had  Ifttle  effect  on  this  behaviour. 
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The  results  suggest  that,  for  those 
configurations  where  the  Coanda  effect  did  not 
occur,  it  might  be  possible  to  represent  the 
concentration  distribution  arising  from  the 
Impingement  on  a  circular  cylinder  of  a  fully 
turbulent,  incompressible  jet  by  some  simple 
modifications  to  a  free  Jet  model 

These  experiments  also  provided  some  evidence 
of  the  respective  sizes  of  the  boundary  layer  and 
Jet  shear  layer  over  the  cylinder  Fig.  10  shows 
the  concentration  distribution  along  a  radial 
line  from  the  Smm  cylinder  for  1  -  25nin  and  Re 
8000  It  can  be  seen  that  the  Initial  rise  in 
concentration  occured  very  rapidly  within  the 
boundary  layer,  whereas  the  subsequent  gradual 
decrease  to  zero  indicates  the  presence  of  a 
considerably  wider  jet  shear  layer 


Olitone*  from  cyiind«r  lurfoc*  mm 

Fig.  10  Rodioi  coneentrotion  dutribubon  for  cylinder 
Re  •  8000,  I  •  25mm,  d»  Smm 


OBSTRUCTION  OF  A  JET  BY  A  FUT  PLATE 

As  for  the  preceding  case,  there  is  a  very 
high  probability  of  jet  impingement  on  a  flat 
plate  If  a  release  should  occur  within  a 
congested  environment  The  places  studied  were 
of  high  aspect  ratio,  and  the  releases  were  again 
from  a  2inni  diameter  nozzle  over  the  Re  range  of 
400  to  8000 

Smoke  flow  visualisations  shoved  that  at  Re  * 

800,  the  laminar  upstream  jet  struck  the  surface 
of  the  plate  and  spread  laterally  Ac  both  edges 
of  the  plate  the  flow  again  took  the  form  of  a 
laminar  jet,  which  then  underwent  transition  at 
some  distance  downstream  of  the  plate  A 
recirculation  region  was  obvious  in  the  wake  of 
the  plate  between  the  two  Jets  The  transition 
points  moved  upstream  with  increasing  Re,  until 
at  Re  -  1700  the  Jets  were  fully  turbulent  from 
the  plate  edges  It  should  be  noted  that  his 
was  a  highly  unstable  flow  state  and  any  slight 
variation  In  flow  conditions  caused  a  sudden 
upstream  or  downstream  movement  of  the  transition 
location  For  higher  values  of  Re,  the  flow  was 
wholly  turbulent  from  the  jet  exit 

Fig  11  shows  a  smoke  visualisation  of  a 
release  at  Re  •»  J500,  where  the  flow  can  be  seen 
to  have  a  bell'Shaped  outline,  i  e  there  was  a 
pronounced  lateral  expansion  of  the  flow  as  it 
passes  the  plate  It  was  found  that  the 
magnitude  of  this  expansion  was  reduced  with 
Iiicieasing  1,  as  a  consequence  of  the  associated 
increase  in  Jet  width  at  the  point  of 
impingement  At  a  critical  value  of  1  there  was 
no  marked  expansion  and  the  linear  growth  of  jet 
width  upstream  of  the  plate  continued  downstream 


This  occured  where  the  width  of  Che  jet  exceeded 
the  width  of  the  plate  at  the  point  of 
impingement,  and  indicates  that  the  downstream 
transfer  of  momentum  far  exceeded  the  lateral 
transfer  induced  by  the  Impingement  of  the  inner 
part  of  the  jet  Howevei .  there  was  evidence  of 
the  persistence  of  a  wake  region  immediately 
behind  the  plate 


1 

1 

L. 

Ftg  11  Re  w  3500,  I  *  25mm,  d  =*  5mm 


Ic  was  found  chat  full  quantification  of  the 
flat  place  flowfield  was  possible  with  L  I  F  for 
Re  >  1700  Fig  12  shows  the  centreline 
concentration  distribution  for  Re  -  2700,  1  - 
25ma  and  d  ■>  Sdito  Ic  can  be  seen  chat  upscream 
of  Che  place  Che  concencration  decayed  more 
slowly  chan  for  a  free  jeC  As  for  Che  case  of 
the  cylinder,  this  was  a  consequence  of  a 
reduction  in  the  upstream  effect  of  downstream 
vortices  as  a  result  of  blockage  by  Che  obstacle 
On  passing  through  the  plate  there  was  an 
instantaneous  large  decrease  in  concentration, 
which  reduced  Che  concentration  to  far  below  free 
JeC  levels  This  was  a  consequence  of  both  Che 
sudden  expansion  of  the  jet  as  it  passed  the 
plate  (which  lead  to  a  major  Increase  in  air 
entrainment),  and  the  eclrculatory  flow  pattern 
resulting  from  separation  of  the  Jet  at  the  edges 
of  the  plate  Thereafter  the  concentration 
decayed  only  very  gradually  in  the  downstream 
region 


rig  12  Effect  of  plots  on  csn‘  stins  c&icsntrotion 
Re  »  2700,  d  “  Smm 
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Fig  13  shows  four  crossjet  concentration 
profiles  taken  at  different  downstream  locations 
for  Che  Re  -  2700  release  Profile  1  was  taken 
upstream  of  the  plate  and  has  a  Gaussian  form 
Profile  2  was  taken  across  the  rlght*hand  edge 
Jet  just  downstream  of  the  plate  and  has  a  near- 
Gaussian  profile  The  higher  baseline  on  the 
left-hand-side  of  the  curve  was  a  result  of  the 
higher  gas  concentrations  In  Che  wake  of  the 
plate  Profile  3  was  taken  downstream  of,  but 
parallel  to,  the  plate  At  this  point  the 
concentration  profile  had  a  twin  peak 
distribution  corresponding  to  the  two  edge  jets 
The  aiea  between  the  peaks  shows  that  turbulent 
mixing  provided  a  near-uniform  distribution  In 
the  wake.  Profile  k  was  taken  In  the  same 
direction  as  3,  but  further  downstream.  It  can 
be  seen  that  the  concentration  profile  there 
exhibited  a  near-uniform  distribution,  indicating 
that  mixing  bad  taken  place  between  the  two  edge 
Jets. 
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1}  Croia-Jfl  ooneontrotlon  oiifribuUoni  for  piato  oOoteci* 
Ho  •  2700,  I  •  25mm.  i  •  Smm 


It  Was  found  that  Increasing  Re  to  8000  had 
little  effect  or  the  flow  development  detailed 
above 

From  Fig  12  It  can  be  seen  that  an  Increase 
In  1  to  SOnun  for  d  -  5nim  and  Re  -  2700  resulted 
in  a  more  marked  decay  of  the  initial  region  of 
the  jet  Again,  as  for  the  cylinder  case,  this 
was  a  consequence  of  increased  vortical 
behaviour,  For  this  configuration,  the  drop  In 
centreline  concentration  on  passing  through  the 
plate  was  less  marked  than  for  I  •  25mm  In  this 
instance  the  flow  expansion  past  the  plate  had  a 
near-linear  form,  and  the  reduction  in 
concentration  within  the  wake  was  simply  a  result 
of  the  recirculating  flow  It  was  interesting  to 
note,  however,  that  this  drop  in  concentration 
reduced  its  value  to  approximately  that  found  in 
the  1  -  25mm  case  Once  again,  there  was  only  a 
very  limited  reduction  in  concentration 
downstream  of  the  plate  The  effect  of  an 
increase  in  Re  was  minimal 

Analysis  of  a  series  of  results  suggested  that 
there  was  no  simple  way  ot  representing  the 
concentration  distribution  arising  from  the 
Impingement  of  a  fully  turbulent.  Incompressible 
jet  on  a  flat  plate.  It  appeared  that  there  was 
only  very  limited  entrainment  into  the  central 
region  of  the  wake  behind  the  plate  In  certain 
circumstances  this  could  lead  to  the  formation  of 
<1  flaitunaole  or  toxic  mixture  In  this 

region 


DISCUSSION 

Smoke  flow  visualisation  and  laser  induced 
fluorescence  experiments  were  performed  in  a 
study  of  the  dispersion  processes  of 
incompressible  gas  jets  It  was  confirmed  that 
the  formation  of  coherent  vortical  structures 
within  Che  jet  flow  lead  to  the  dilution  of  the 
released  gas  by  Che  entrainment  of  ambient  air 
An  examination  was  made  of  Che  Interaction  of 
such  a  flow  with  cylindrical  and  flat  plate 
obstacles  It  was  found  that,  where  such  an 
obstacle  lies  close  to  the  source  of  the  jet.  the 
dilution  of  the  Jet  was  reduced  upstream  of  the 
obstacle  For  obstacles  of  circular 
cross-section,  a  Coanda  effect  around  the  surface 
of  obstacles  oi  circular  cross-section  enhanced 
turbulent  mixing  within  the  wake  and  Increased 
the  dilution  of  Che  release  However,  its 
occurrence  also  promoted  lateral  oscillations  of 
the  wake  region  Where  the  obstacle  was  a  flat 
plate  the  jet  expanded  rapidly  as  it  passed  the 
plate,  and  Its  separation  from  the  plate  edges 
created  a  recirculatory  region  in  the  immediate 
wake  There  was  limited  entrainment  into  this 
region  of  the  flow 

Where  Che  obstacle  was  further  removed  from 
the  source  of  the  release,  there  was  a  slight 
Increase  in  the  dilution  of  the  Inltal  region  of 
Che  Jet  as  a  consequence  of  increased  vortical 
effects  There  was  a  near-linear  expansion  of 
the  flow  past  cylindrical  and  flat  plate 
obstacles,  although  a  recirculating  flow 
persisted  behind  the  flat  plate 

For  fully  turbulent,  Incompressible  releases 
it  appears  that,  outwith  the  Coanda  regime,  the 
concentration  distribution  arising  from  the 
Impingement  of  a  jet  on  a  circular  cylinder  may 
be  represented  by  some  simple  modification  to  a 
free  Jet  model  However,  this  is  net  possible 
for  a  flat  plate  obstacle,  wheie  the 
recirculatory  flow  could  lead  to  the  creation  of 
a  steady  flammable  or  toxic  mixture  for  a 
hazardous  release  The  modelling  of  such  a 
flowfleld  requires  further  Investigation 
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ABSTRACT 


1.  INTRODUCTION 


This  paper  describes  the  detailed  study  of  the  flow  struc¬ 
ture  over  the  rows  of  two-dimensional  square  ribs  on  the  ground 
plane  for  various  values  of  SfD  and  the  optimum  value  of  SjD 
to  augment  the  turbulence  of  the  free  stream  The  pitch  be¬ 
tween  the  centers  of  two  adjoining  square  ribs  was  varied  at 
SjD  =  2,  3,  4,  5,  7,  9, 13  and  17  The  time-mean  velocity  and 
the  velocity  vectors  were  measured  by  the  Pitot-  and  static 
pressure  tubes,  and  the  cylindr'cal  yawmeler  of  6  mm  diam¬ 
eter  having  three  pressure  holes  The  turbulence  intensities, 
auto-correUtion  and  power  spectrum  were  obtained  using  the 
data  processing  system  and  the  F.F.T.  analyzer  connected  to 
the  hot  wire  anemometer  As  a  result  it  is  concluded  that  the 
pitch  ratio  S/D  =  9  is  optimum  to  augment  the  turbulence 
intensity 


NOMENCLATURE 


D 

Eu 

Lx 

Ru 

Re 

S 

U 

U, 

t/oo 
v\  w' 

XX2 


X 

Y 

X/ 


side  length  of  square  section  of  two-dimensional 
ribs 

power  spectrum  of  u' 
integral  scale  in  X-duection 
auto-correlation  of «' 

Reynolds  number  =  UooDfv 

pitch  between  the  centeis  of  two  adjoining 

square  ribs 

time-mean  velocity 

velocity  at  outer  edge  of  shear  layer 

velocity  ill  free  stream 

X,  Y  and  Z  components  of  fluctuation  velocity 
co-ordinates  with  origin  above  10  mm  at  the 
center  of  the  leading  edge  of  the  ground  plane 
(  see  Fig.l  )  X  is  chosen  along  the  ground 
plane,  V  and  Z  for  the  vertKal  and  hoiizontal 
directions  respectively 

distance  in  X-direction  from  the  ccntei  of  the 
rib 

distance  m  F-dircttion  from  the  base  m  the 
groove 

distance  from  the  center  of  square  nb  to  the 

reattichment  point 

ihickne&s  ot  turbulent  shear  layer 

tim^*  delay 


The  flow  over  the  rough  wall  has  been  hitherto  investi¬ 
gated  in  relation  to  determination  of  the  drag  of  rough  Wiill 
and  early  establishment  of  the  turbulent  boundary  layer  and 
augmentation  of  the  heat  transfer  Nikuradse^*^  studied  first 
the  turbulent  flow  m  the  pipe  roughened  by  sands,  and  after 
then  Schlichting^^^  investigated  the  resistance  of  the  wall  with 
the  rows  of  various  roughness  elements  Perry  et  studied 
the  turbulent  boundary  layer  developed  over  the  rough  wall 
and  proposed  to  devide  it  into  two  types  ■  the  one  is  ”d-type” 
independent  on  the  size  of  roughness  element  for  S/D  !»  4, 
where  5  is  the  pitch  between  adjoining  roughness  elements 
and  D  is  the  height  of  roughness  element,  and  t’le  other  is 
’’k'type”  dependent  of  the  roughness  size  for  S/D  4  An¬ 
tonia  and  Luxton^*^-  studied  the  ”k-type”  and  OsaU  et 
investigated  the  ”d-type”  boundary  layer 

In  connection  with  the  problem  of  augmenting  t  le  heat 
transfer,  Nunner^^l  measured  the  heat  transfer  and  Xhi  pres¬ 
sure  loss  m  the  pipe  whose  inner  wall  was  set  with  wires  of 
various  sizes  Webb  et  studied  the  relation  between  the 
heat  transfer  and  the  resistance  of  tubes  roughened  with  the 
rows  of  ribs  for  the  cases  of  10  <  S/D  <  40,  and  Berger 
and  measured  the  mass-  and  heat  transfer  in  the  pipe 

roughened  with  the  rows  of  square  .ibs  for  cases  of  3  <  S/D  < 

10. 

It  seems  that  these  above-mentioned  studies  did  not  al¬ 
most  mvestigdte  the  detailed  flow  structure  over  the  wall  rough¬ 
ened  with  the  rows  of  ribs.  Recently  Hijikata  et  and  Mori 
et  studied  the  flow  between  adjoining  ribs  among  the  re¬ 
peated  two-dimensional  ribs  on  the  ground  plane  for  case  of 
S/D  =  15  Moreover,  Ichimiya  et  al^^^l  measured  the  flow  over 
the  rows  of  ribs  on  the  lower  insulated  wall  of  duct  whose  up¬ 
per  wall  was  heated  for  case  of  S/D  =  5,  7  and  15  However, 
these  studies  were  performed  for  the  limited  case  of  S/D  and 
did  not  describe  the  variation  of  flow  properties  with  the  pitch 
ratio  S/D 

The  present  paper  describes  the  detailed  study  of  the 
flow  structure  over  the  rows  of  two-dimensional  square  nbs  on 
the  ground  plane  for  various  values  of  S/D  and  the  optimum 
value  0^  '’/D  to  augment  turbulence  of  the  free  stream 


2.  EXPERIMENTAL  APPARATUS  AND 
MEASUREMENT  PROCEDURES 


The  experiment  was  earned  out  in  an  N.P.L  type  wind 
tunnel  having  a  500mm  x  500mm  working  section  of  2000mm 
length  The  ground  plate,  an  aluminium  plate  of  4mm  thicx- 
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noss,  was  set  with  a  spacing  of  25mm  from  the  lower  wall  of 
tunnel  exit  m  order  to  avoid  the  boundary  layer  developed  on 
the  tunnel  wall,  as  shown  in  Fig  1  The  half-ogival  torebody 
of  150mm  length  was  placed  on  the  leading-edge  portion  of 
the  ground  plate  The  two-dimensional  square  iibs  of  lU  mm 
side  length  were  aligned  with  equal  pitch  on  the  lower  wall  of 
the  test  section  of  tunnel  The  pitch  oetween  the  centers  of 
two  aojoining  square  ribs  was  varied  oX  SfD  —  2,  3,  4,  5,  7, 
9,  13  and  17  The  time-mean  velo<ity  and  the  velocity  vectors 
v.’cre  measured  by  the  Pitot-  and  static  pressure  tubes,  and  the 
cylindrical  yawmeter  of  6mm  diametci  having  »,hree  pressure 
holes.  The  turbulence  intensities,  auto  correlation  and  power 
spectrum  were  obtained  using  the  data  processing  system  and 
the  F  F  T  analyzer  connected  to  the  hot  wire  anemometer. 
Measurements  were  made  at  the  14  locations  of  the  centers 
of  the  square  ribs  and  the  grooves  between  the  square  ribs 
under  the  wind  velocity  of  U^o  =  16  0  m/s  corresponding  to 
Rt  ^  U^Dlu  =  1.0  X  lOV 


3.  EXPERIMENTAL  RESULTS 
AND  DISCUSSIONS 


Velocity  Profiles  in  Shear  Layer  over  the  Rows 
of  Square  Ribs 


Figure  2  shows  the  distribution  of  the  velocity  iii  the 
section  at  the  center  of  grooves  between  two  adjoining  squares 
ribs  It  can  be  seen  from  this  figure  that  the  turbulent  shear 
layer  is  developed  in  the  downstream  distance  and  the  velocity 
prohles  tend  to  be  similar  with  an  increase  m  the  downstream 
distance  The  thickness  of  the  turbulent  shear  layer  is  de¬ 
fined  by  the  value  of  Y  where  V  is  equal  to  0  99Cfi  Figure 


Fig  2  Velocity  profile  of  shear  flow  over  the  rows  of  square 
ribs  above  the  centers  of  grooves  for  SfD  —  5 


3  shows  the  variation  of  the  thickness  of  the  turbulen*  shear 
layer  with  the  pitch  ratio  S'/D  The  thickness  increases  with 
an  increase  in  the  downstream  distance  in  like  manner  as  a 
naturally  developed  turbulent'  boundary  layer  on  the  giound 
plate,  and  it  mcieases  in  the  range  of  2  ^  5/D  ^  9.  but  is 
almost  umhanged  in  tlie  range  of  5/D  0  as  the  value  of 

5/D  increases 


3.2.  Turbulence  Intensities  in  Shear  Layer  over  the 
Rows  of  Ribs 


Figure  4  shows  the  downstream  change  of  A'  -  compo¬ 
nent  of  turbulence  intensity  m  the  shear  layer  at  the  centers 
of  groove  between  square  ribs  for  the  case  of  5/D  =  5  The 
turbulent  shear  layer  is  developed  over  the  square  nbs  along 
the  downstream  distances.  It  can  be  supposed  that  the  mixing 
phenomenon  in  the  shear  layer  becomes  strong  due  to  the  ex¬ 
istence  of  square  ribs  Figures  5  and  6  show  the  X-component 
of  turbulence  intensity  in  the  shear  layer  at  the  rib-  and  groove 
centers  for  the  cases  of  5/D  =  5  and  9  The  profiles  of  tur¬ 
bulent  intensity  become  self-  preserving  at  the  rib-  and  groove 
centers  for  the  case  of  5/D  =  5  shown  in  Fig.5  The  dif¬ 
ference  between  the  turbulence  intensity  at  both  positions  is 
less  in  like  manner  as  the  velocity  profile  The  profiles  of  tur¬ 
bulence  intensity  in  the  shear  layer  at  the  rib  center  become 
self-preserving  m  the  downstream  distance  except  at'  X/D  = 
23  5  for  the  case  of  5/D  =  9  as  shown  in  Fig.6(a)  But  Fig¬ 
ure  6(b)  shows  that  the  turbulence  intensity  in  the  shear  layer 
at  the  groove  is  seen  to  be  decs'  mg  with  an  increase  in  the 
downstream  distance,  and  especially  does  not  yet  accomplish 
the  self-preserving  profile  in  contrast  to  the  velocity  profiles  at 
the  same  position  In  order  to  examine  the  variation  m  tur¬ 
bulence  intensity  with  the  pitch  r.  tio  5/D.  the  profiles  of  the 
turbulence  intensity  were  nieasurec  at  the  typical  three  posi- 


Fig  3  Thickness  of  shear  layer 


Fig  4  X-component  of  turbulence  intensity  above  grooves 
for  5/D  =  5 
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tions  near  XfD  =  67,  103,  142  for  the  rib  centers  and  X/D 
=s  69,  108,  147  for  the  groove  centers.  Figures  7  and  8  show 
the  variation  of  turbulence  intensity  in  the  shear  layer  at  three 
positions  with  the  pitch  ratio  S/D  It  is  obviously  found  from 
these  figures  that  the  turbulence  intensity  increases  for  S/D 
^  9  and  decreases  for  S/D  >  9  da  the  value  of  S/D  increases. 
Figure  9  shows  the  variation  of  turbulence  intensity  at  the  po¬ 
sitions  of  Y/6  =  0  1  to  0.5  in  the  groove  with  the  pitch  ratio 
S/D,  m  order  to  find  the  optimum  pitch  ratio  to  augment  the 
turbulence  intensity  as  a  turbulence  promoter  It  can  be  seen 
from  this  figure  that  the  turbulence  intensity  attains  maximum 
at  5/Z)  s  9.  Hence  when  the  two-dimen.sional  square  ribs  are 
aligned  on  the  wall  as  a  turbulence  promoter,  the  pitch  ratio 
S/D  ~  9  18  optimum  to  augment  the  turbulence  intensity. 

Furthermore,  the  Y-  and  ^-components  of  turbulence  in¬ 
tensities  and  Reynolds  stresses  were  measured  for  various  val¬ 
ues  of  S/D.  Figure  10  shows  the  V-component,  Z-component 
of  turbulence  intensities  and  Reynolds  stresses  in  the  shear 
layer  above  the  groove  near  X/D  =  147.  It  can  be  seen  from 
these  figures  that  they  attain  maximum  value  at  S/D  =  9  in 
like  manner  of  X-component  of  turbulence  intensity 


(a)  Rib 


Fig  5  A'-component  of  turbulence  intensity  for  S/D  —  5 


Fig  7  A*component  of  turbulence  intensity  1 
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(a);  X/D  =  69 

Fig.8 


(b)’  X/D  =  108 


(cj  X/D  =  147 
A-component  of  turbulence  intensity  for  groove 


Fig.6  A-component  of  turbulence  intensity  for  S/D  =  9 
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3.3.  Flow  Pattern  and  Turbulent  Eddies 

in  groQvg 

As  described  in  the  article  3  2  ,  when  the  two  dimensional 
square  ribs  are  aligned  on  the  wall  as  a  turbulence  promoter, 
the  turbulence  intensity  attains  maximum  at  SjD  =  9,  which 
means  that  the  mixing  phenomenon  is  more  active  for  the  pitch 
ratio  SfD  =  9  than  that  for  other  values  of  SjD.  Figure  11 
shows  the  velocity  vectors  in  the  flow  m  the  groove  for  the  case 
of  5/JD  =  9  in  order  to  investigate  the  feature  of  the  flow  in  the 
groove  between  two  square  ribs  It  is  found  from  this  figure 
that  there  is  back-flow  in  the  region  of  X/f?  ^  4  behind  the 
upstream  square  ribs  and  favourable  flow  in  the  region  of  4  ^ 
X/Z?  ^  7.5.  Hence  the  free  streamline  left  from  the  edge  of 
the  upstream  square  rib  encloses  the  recirculation  region  and 


(a)  F-component  of 


(b)  ^-component  of 
turbulence  intensity 


(c)  Reynolds  stresses 


Fig.lO  F-  and  .^-components  of  turbulence  intensity  and 
Reynolds  stresses  for  groove 


reattaches  to  the  ground  plate  at  X/£?  »  4  as  shown  in  Fig  11 
The  length  of  recirculation  region,  namely  the  distance  from 
the  rib  center  to  the  reattachment  point  for  the  pitch  ratio 
SjD  IS  shown  m  Fig  12  The  abscissa  DjS  is  selected  to  show 
the  r^ult  for  the  case  of  the  single  rib  simultaneously.  The 
existing  experimental  results  are  denoted  in  this  figure  for  the 
sake  of  comparison.  Mantle^*’*^  reported  that  the  free  stream¬ 
line  left  from  the  edge  of  the  upstream  square  ribs  does  not 
reattach  in  the  groove  for  the  case  of  SfD  <66,-  but  reat¬ 
taches  at  Xr/i?  =  4  for  the  case  of  6  6  S  SjD  SI  12  and  at 
Xr/D  =  8.5  for  the  casp  of  infinite  pitch  ratio,  namely,  the 
case  of  single  rib.  Mori  et  showed  Xr/Z?  =  4  5  for  the 
case  of  SfD  =  15.  '^heir  results  and  the  present  result  are  put 
in  the  single  curve  as  shown  in  Fig  12  Therefore  the  present 
result  (  X/Z)  =  4  )  is  consistent  with  the  results  by  Mantle^*^^ 
and  Mon  et  The  author  reported^^*!  the  shear  flow  be¬ 
hind  a  flat  plate  normal  to  a  plane  boundary  and  pointed  out 
that  the  turbulence  intensity  is  largest  immediately  behind  the 
reattachment  point  and  decreases  gradually  in  the  downstream 
flow. 
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Fig  11  Velocity  vectors  m  flow  above  the  groove  for  SfD  =  9 
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Fig  12  Reattachmeut  point 
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Fig  13  X-component  of  turbulence  intensity  at  Yf6  «  0.1 
above  groove 


As  mentioned  m  the  article  3.2»  the  turbulence  mten- 
sity  at  the  groove  decays  gradually  with  an  mcrease  in  the 
downstream  distance  for  the  case  of  SfD  =  9.  Figure  13 
shows  the  variation  of  turbulence  intensity  at  YfS  0 1  in 
the  groove  of  the  range,  XfD  =  116  5  133  5  with  the  pitch 

ratio  SjD.  The  mark  *’  i  ”  in  this  figure  denotes  the  position 
of  the  reattachment  point  for  the  cases  of  5/Z)=  17,,  13  and 
9  from  left  to  right  respectively  The  turbulence  intensity  has 
almost  the  same  and  low  value  in  the  groove  for  the  case  of 
SjD-  5  However  for  the  cases  of  SfD  —  9,  13  and  17  the 
turbulence  intensity  attains  maximum  near  the  reattachment 
point  For  the  case  of  SfD  =  5,  the  square  ribs  are  closely 
placed  and  the  stable  vortices  are  set  up  in  the  grooves  and, 
so  the  recirculation  region  occupies  the  whole  groove  between 
the  square  ribs  without  reattachment,  because  the  length  of 
recirculation  region  is  nearly  4D  (see  Fig  14(b))  Hence  the 
turbulence  intensity  becomes  low  as  compared  with  those  of 
SfD  =  9,  13  and  17  On  the  other  hand,  for  the  case  of 
SfD>  5  ,•  there  is  the  recirculation  region  behind  the  up¬ 
stream  square  ribs  and  the  reattached  how  goes  downstream 
from  the  reattachment  point  (see  Fig.l4(c))  This  was  con¬ 
firmed  by  the  flow  visualization  expenraent(  Rf  »  1000  )  by 
using  the  water  channel.  Figure  14  shows  the  photographs 
of  vortices  generated  behind  the  upstream  square  rib  for  the 
cases  of  SfD  -  2,  5  and  9.  The  small  stable  vortices  exist 
in  the  giooves  between  the  two  adjoining  square  nbs  for  the 
case  of  SfD  -  2.  Furthermore  a  large  stable  vortex  occupies 
the  whole  groove  without  reattachment  for  SfD  =  5  For  the 


case  of  SfD  =  9,  the  recirculation  region  exists  behind  the 
upstream  ribs  and  the  length  of  recirculation  region  is  approx¬ 
imately  AD  as  previous-mentioned,  and  the  reattached  flow 
goes  downstream.  The  reattachment  point  which  corresponds 
to  the  position  of  the  maximum  turbulent  intensity  near  the 
ground  plane  is  near  the  midpoint  in  the  groove  for  the  case 
of  SfD  -  9  Furthermore,  for  the  cases  of  5/D  =  13  and  17, 
the  turbulence  intensities  decrease  as  compared  with  that  for 
SfD  =  9  The  distance  from  the  reattachment  point  to  the 
next  downstream  square  rib  is  longer  for  the  cases  of  SfD= 
13  and  17  than  for  SfD  =  9  Hence  the  turbulence  intensity 
decays  with  an  increase  in  the  downstream  distance  behind 
the  recirculation  region  so  that  it  becomes  largest  for  SfD 
9,  and  larger  for  SfD  -  13  than  for  SfD  -  17. 

This  phenomenon  can  be  explained  from  the  feature  of 
the  turbulent  eddies  in  the  flow  above  the  groove  between  two 
ribs.  The  power  spectrum  was  measured  to  confirm  the  vor¬ 
tices  shed  periodically  from  the  square  nbs.  Figure  15  shows 
the  power  spectrum  m  the  shear  layer  at  YfD  =  05  above 
the  midpoint,  XfD  =  124.5  127  0,  in  the  groove  between 

the  square  nbs  The  highest  value  of  Eu{n)  always  occurs 
at  the  low  frequency  The  energy  of  turbulence  is  transferred 
from  the  large  scale  eddy  to  the  small  scale  eddy  in  the  iner¬ 
tial  subrange.  The  energy  of  the  micro  eddy  decreases  under 
the  action  of  kinematic  viscosity  at  the  high  frequency.  The 
power  spectrum  has  the  steep  peak  at  the  frequency  which 
corresponds  to  that  of  the  vortices  shedding  It  can  be  seen 
from  Fig  15  that  a  steep  peak  does  not  appear  in  the  spec- 


(a)’  SfD  =  2 


(b)  SfD  =  5 


(c)'  SfD  =  9 


Fig.  14  Photographs  of  vortices 


Fig  15  Power  spectrum  at  YfD  =  05 
above  midpoint  of  groove 


Fig.16  Auto-correlation  at  YfD  =  05 
above  midpoint  of  groove 
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Fig.17  Integral  scale  at  y/D  =  0  5 
above  midpoint  of  groove 


trum  curves  independently  of  the  value  of  5/Z),  and  so  the 
existence  of  periodical  vortices  shedding  was  not  confirmed  at 
this  position 

The  auto-correlation  of  X-componenl  of  fluctuation  ve¬ 
locity  was  measured  in  order  to  investigate  tlie  stiiutuio  ot 
large  scale  turbulence.  Figure  16  shows  the  auto-correlation 
coefficient  of  ti'  at  the  same  pos*cion  as  in  Fig  15  There  is 
no  large  negative  correlation  in  the  correlation  curves  due  to 
the  existence  of  the  penodical  vortices  shedding  The  time- 
delay  of  first  zero  correlation  increases  in  the  range  of  SfD 
^  9  and  decreases  in  the  range  of  SID  >  9  as  the  value  of 
SfD  increases  The  time-delay  of  first  zero  correlation  attains 
maximum  at  5/D  =  9.  The  time-delay  which  becomes  firstly 
zero  correlation  lengthens  with  an  increase  in  the  value  of  SjD 
for  SjD  S  9,  which  shows  that  the  correlation  vanishes  slowly 
and  the  decay  of  a  large  eddy  is  slow  The  average  scale  of  the 
large  turbulent  eddy  is  predicted  to  be  largest  for  S/D  —  9 

The  integral  scale,  which  identifies  the  average  scale  of 
the  large  eddy,  is  obtained  by  integrating  the  auto-correlation 
function 

Lx  =  V  IU(r)dr 

where  the  convection  velocity  is  estimated  by  the  local  time- 
mean  velocity  according  to  Taylor’s  hypothesis.  Figure  17 
shows  the  integral  scale  in  the  shear  layer  at  Y/D  =  0.5  above 
the  midpoint  in  the  groove.  The  integral  scale  becomes  largest 
at  5/D  =  9,  which  means  that  the  average  scale  of  the  large 
eddy  i*'  maximum  Th '  integral  scale  becomes  small  for  the 
case  of  5/D  <  5  as  predicted  by  Perry  et  al^®^  who  pointed 
out  that  the  eddies  shed  from  the  roughness  element  into  the 
flow  will  be  neghgible  for  ’’d-type”  rough  wall. 


4.  CONCLUSION 


The  results  of  the  present  study  are  summarized  as  fol¬ 
lows  :• 

(1)  The  thickness  of  the  turbulent  shear  layer  increases  with 
an  increase  m  the  downstream  distance.  It  increases  in  the 
range  of  2  ^  5/D  ^9,  but  is  almost  unchanged  in  the  range 
of  5/D  ^  9  as  the  value  of  5/D  increases. 

(2)  The  profiles  of  turbulent  intensity  in  the  shear  layer  become 
self-preserving  at  the  ribs  and  grooves  for  tne  case  of  5/D  ^  5. 
But  for  the  case  of  5/D  =  9,  the  turbulence  intensity  is  seen  to 
be  decaying  in  the  shear  layer  at  the  grooves  with  an  increase 
in  the  downstream  dista  tce  and  does  not  yet  accomplish  the 
self-preserving  profile,  whdo  it  becomes  self-preserving  in  the 
shear  layer  above  the  ribs. 

(3)  The  pitch  ratio  5/D  =  9  is  optimum  to  augment  the  tur¬ 
bulence  intensity.  The  rows  of  two-dimensional  square  iibs  for 
5/D  =:  9  may  be  used  ««  a  turbulence  promoter. 

(4)  The  free  streaml’  le  left  from  the  edge  of  the  upstream 
square  nb  reattaches  to  the  ground  plate  at  X/D  «  4  The 


turbulence  intensity  is  highest  immediately  behind  the  rcat- 
tachment  point  and  decreases  gradually  in  the  downstream 
flow'.  Hence  for  the  case  of  5/D  ^  5,  the  turbulence  intensity 
become  relatively  low  due  to  non-reattachment  Since  the 
position  of  the  maximum  tiiibulont  intensity  is  the  midpoint 
m  the  groove  for  the  case  of  5/D  -  9,  the  tuibuleiice  intensity 
becomes  highest  at  5/D  =  9  Moreover,  the  distance  fiom  the 
reattachment  point  to  the  next  square  nb  is  longer  for  5/D  = 
13  and  17  than  for  5/D  =*  9  so  that  the  turbulence  intensity 
decays  in  the  downstream  flow  behind  the  recirculation  region 

(5)  The  time-delay  of  first  zero  correlation  increases  in  the 
range  of  5/D  ^  9  and  decreases  m  the  range  of  SjD  >  9 
as  the  value  of  5/D  increases.  The  time-delay  of  first  zero 
correlation  attains  longest  at  5/D  =  9  and  hence  the  average 
scale  of  the  large  eddy  is  maximum  at  5/D  =  9 
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Abstract 

The  flow  around  surfice-mountcd  obstacles  placed  in  a  tur¬ 
bulent  channel  How  (flc=  10*)  has  been  experimentally  stud¬ 
ied  witn  the  aim  of  determining  separation  and  reattach- 
ment  patterns  and  to  investigate  the  major  How  differences 
between  two-  and  three-dimensional  geometries.  Obstacles 
of  square  cross-section  and  half  channel  height  were  stud¬ 
ied  while  varying  the  cross-channel  width  between  that  of 
a  cube  and  a  two-dimensional  rib.  Surface  How  patterns 
were  obtained  to  study  the  How  topology.  A  two-component 
laser  Doppler  anemometer  (LDA)  was  used  to  gain  detailed 

information  about  the  time-averaged  and  time-resolwd  tur¬ 
bulence  parameters. 

The  results  of  this  study  lead  to  a  picture  of  the  flow 
pattern  over  a  surface-mounted  cube  with  quantitative  data 
describing  the  mean  and  fluctuating  velocity  field.  Major 
differences  between  the  two-  and  three-dimensional  flow  pat¬ 
terns  are  identified,  both  upstream  and  downstream  of  the 
obstacle.  Analysis  of  the  time-dependent  behaviour  reveals 
a  distinct  unsteadiness  of  the  upstream  flow  field  for  three- 
dimensional  obstacles,  which  also  leads  to  large  contributions 
to  the  Reynolds  shear  stress. 

Introduction: 

The  study  of  the  flow  around  sharp-edged  obstacles  placed 
in  a  channel  contributes  directly  to  the  understanding  of  the 
flow  mechanisms  for  complex  two-  and  three-dimensional 
geometries  Past  studies  have  often  concentrated  on  two- 
dimensional  geometries,  for  instance  ribs  or  fences,  because, 
as  a  diagnostic  flow,  the  two-dimensional  geometry  is  eas¬ 
ier  to  handle  experimentally  and  numerically.  Hence,  there 
exists  a  considerable  amount  of  published  data  on  two-di¬ 
mensional,  surface-mounted  obstacles.  However,  little  data 
exist  on  the  flow  development  upstream  of  the  obstacle  The 
present  work  indicates  the  importance  of  this  flow  region  for 
understanding  the  rest  of  the  flow  field. 

There  has  been  very  little  work  published  on  the  How 
around  three-dimensional  obstacles  and  no  data  has  been 
found  for  such  flows  in  a  channel.  Typically,  the  three- 
dimensional  obstacle  is  studied  as  a  perturbation  to  a  bound¬ 
ary  layer,  for  instance  for  purposes  of  artificial  thickening  or 
increasing  overall  drag  (Castro  (1979),  Castro  and  Robins 
(1977)).  Correspondingly,  only  few  studies  concentrated  on 
describing  the  detailed  flow  patterns  around  the  ol»tacle. 
Of  the  existing  work,  the  theoretical  analyses  of  Hunt  et  al 


(1978),  Perry  and  Horning  (1984)  and  Fatrlie  (1980)  address 
directly  the  expected  separation  and  reattachment  patterns 
around  the  obstacle.  There  exists,  however,  a  severe  lack  of 
experimental  data  in  this  regard,  a  fact  also  recognized  in 
a  recent  review  of  the  flow  over  surface-mounted  obstacles 
presented  by  Schofield  and  Logan  (1990)  The  present  work 
provides  such  data. 

The  transition  between  a  two-dimensional  obstacle  flow 
and  a  three-dimensional  one  is  not  well  defined.  Work  by 
de  Brederode  and  Bradshaw  (1972),  m  which  the  base  pres¬ 
sure  of  a  backstep  flow  was  measured  for  various  channel 
widths,  18  often  ted  as  prescribing  a  10.1  width-to-height 
ratio  to  ensure  Iwo-dimensionality  in  the  recirculation  region 
behind  the  step.  In  light  of  the  complex  nature  of  the  obsta¬ 
cle  flow  as  compared  with  a  backstep  flow,  this  ratio  is  not 
expected  to  be  directly  applicable  in  the  present  case  The 
nature  of  the  two-dimensional  to  three-dimensional  transi¬ 
tion  m  flow  pattern  remains  obscure.  Therefore,  a  second 
focus  of  the  present  work  was  to  investigate  the  effect  of  vary¬ 
ing  the  obstacle  cross-channel  width  on  the  resulting  surface 
flow  patterns.  Detailed  velocity  data  for  two-dimensional 
geometries  already  exist  (Dimaezek  et  ai  (1989))  and  can 
be  used  for  comparison  with  the  present  measurements  for 
three-dimensional  obstacles. 

Experimental  Apparatus  and  Meth¬ 
ods 

The  flow  geometry  to  be  studied  and  the  nomenclature  used 
are  shown  m  Fig.  1.  Some  preliminary  work,  especially  con- 


Figure  1:  Sketch  of  the  obstacle  geometry  in  a  channel  flow 


cerning  the  flow  pattern  on  the  front  face  of  the  obstacle,  was 
performed  in  a  water  channel  (  550  mm  (W)  x  50  mm  (h) ). 
Most  of  the  experiments  were  performed  in  a  600  mm  (W) 
X  50  mm  (h),  blower-type  air  channel  at  a  Reynolds  number 
of  10*  {Re  =  VBhfv).  Trip  wires  were  placed  at  the  inlet 
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of  the  air  channel  flow.  The  obstacles  were  placed  on  the 
centre  line  at  a  downstream  distance  of  52  channel  heights 
The  channel  could  be  mounted  either  horizontally  or  verti¬ 
cally,  as  sketched  in  Fig  2,  to  allow  either  the  U- V  (forward 
scatter)  or  the  U-  W  (backscatter)  velocity  components  to 
be  acquired  with  a  three-beam,  two-coinponcnt  LDA  (TSI 
9100),  also  shown  in  Fig.  2  Beam  expansion  was  used  in  the 
LDA  system  to  achieve  a  measuring  volume  of  84  /im  diaine 
ter  and  610  /im  length  Two  counter  processors  (TSI  19$0B) 
with  a  5  fis  confidence  acquisition  window  were  connected 
to  a  PC  for  data  reduction.  Data  rates  of  590  Hz  to  4000  Hz 
were  typical  A  di-ethylglycol/ water  mi  «.ture  atomized  by  a 
medical  nebulizer  was  used  a.s  seeding  laterial  The  par¬ 
ticles  were  introduced  upstream  of  the  channel  inlef  in  the 
settling  chamber  of  the  blower 


Figure  2  Schematic  representation  of  the  test-rig 

Surface  flow  pattern  visualization  was  performed  in  the 
air  channel  using  a  mixture  of  kerosene,  light  transmission 
oil  and  carbon  dust  (toner)  Visualization  results  were  then 
photographed  for  analysis  and  documentation  purposes  In 
the  water  channel,  the  crystal  violet  visualization  technique 
(Dimaezek  et  al.  (1988))  was  used 

Experimental  Results  and  Discus¬ 
sion 

The  obstacles  used  in  this  study  were  25  mm  in  height  (H) 
and  length  (L)  and  varied  between  25  mm  and  600  mm  in 
width  (W)  Before  mounting  the  obstacle,  the  channel  flow 
was  verified  to  be  fully  turbulent  and  uniform  in  mean  ve¬ 
locity  to  within  2%  over  85%  of  the  channel  width.  With  the 
cube  obstacle  mounted,  the  mean  velocity  about  the  z-axis 
was  verified  to  be  symmetric  within  2%.  Also,  the  measured 
quantities  W  and  uui  were  acceptably  close  to  zero  on  the 
z-plane  of  symmetry. 

Flow  Around  the  Cube 

To  begin  with,  the  flow  in  front  of  the  cube  will  be  examined 
in  more  detail  Fig.  3  shows  the  mean  streamlines  corre¬ 
sponding  to  the  measured  flow  patterns,  surface  oil  patterns 
on  the  channel  floor  upstream  of  the  obstacle  and  results  of 
the  mean  velocity  measurements  in  the  z-plaue  upstream  of 
the  cube.  The  mean  streamline  pattern  in  this  work  cor¬ 
relates  well  with  that  of  Hunt  el  al  (1978)  except  for  the 
region  upstream  of  the  horseshoe  vortex  No  evidence  could 
be  found  supporting  the  existence  of  two  secondary  vortices 


Figure  3;  Flow  upstream  of  the  cube  Legend.  S=  sad¬ 
dle,  N=  node,  ’=  half  saddle  or  node,*=  when  point  viewed 
perpendicularly  to  the  wall;  subscripts'  s-separation  and  a- 
attachmeiit 


in  tins  region. 

Dark  regions  in  Fig  3b  correspond  to  an  accumnlaMc. 
of  visualization  pigment  Lme  A  in  Fig  3b,  for  instance, 

H  half  saddle  point  m  the  X-Y  plane  which  is  considered  to 
correspond  to  the  primary  separation  of  the  flow,  marked  xf 
in  Fig.  1,  and  is  located  at  a  distance  of  xp  ~  — i  01//  up¬ 
stream  of  the  cube  This  separation  is  (ausod  by  the  strong 
adverse  pressure  gradient  imposed  by  the  obstacle  in  this 
region 

The  horseshoe  vortex  is  easily  recognized  in  the  velocity 
vectors  of  Fig  3c.  It  extends  from  the  obstacle  upstream 
to  a  point  approximately  over  the  centr®  of  a  second  large 
dark  area  in  the  visualization  pliolograph  'x  -0.5II)  This 
location  corresponds  roughly  to  the  stream,  .-e  position  of  a 
tree-stream  saddle  above  the  channel  floor  Tht  while  visu¬ 
alization  band  labelled  B  in  Fig  3b  is  caused  by  the  strong 
backflow  and  the  correspondingly  high  wall  shear  stress  The 
border  between  this  white  band  and  the  dark  zone  directly 
upstrearn  coincides  with  the  centre  of  the  horseshoe  vortex 

A  s'.-condary  corner  vortex  was  observed  in  the  velocity 
vectors  of  Fig.  3c,  which  yields  another  hght  and  dark  v  su- 
alization  band  immediately  m  front  of  the  obstacle.  Also  a 
half  saddle  is  observed  at  a  height  of  approximately  0  7  i 
on  the  obstacle  front  face  This  is  the  stagnation  point  of 
the  cu-coming  flow 

The  region  between  the  primary  separation  and  the '  orse- 
shoe  vortex  exhibits  a  very  thin  layer,  at  times  no  mnger 
measurable,  of  reverse  flow  In  this  region,  the  velocity  dis¬ 
tributions  show  a  distinct  bimodal  form,  as  illustrated  m 
Fig.  4  The  bimodal  form  of  the  distribution  could  also  he 
measured  out  of  the  plane  of  symmetry,  always  corres|)ond- 
mg  to  a  region  between  line  A  and  band  B  in  Fig  3b.  This 
form  of  distribution  indicates  that  the  velocity  takes  one  of 
two  preferred  states,  a  behaviour  studied  recently  by  Deven- 
port  and  Simpson  (1990)  for  the  flow  upstream  of  a  wing- 
body  junction  In  this  region,  there  is  a  thin  layer  of  reverse 
flow  extending  back  to  the  separation  line,  as  can  l>c  seen  in 
Fig.  3a. 


Devenport  and  Simpson  (1990)  conditionally  analysed 
the  velocity  field  according  to  which  one  of  the  two  preferred 
modes  the  flow  was  in  and  conciude<i  that  this  area  is  a  region 
of  intense  turbulence  production,  arising  from  a  large-scale 


unsteadiness  betwern  the  two  flow  modes  A  similar  analysis 
of  the  present  data,  shown  in  Fig  5,  shows  strong  similari¬ 
ties  with  the  behaviour  observed  by  Devenport  and  Simpson 
(1990). 

Fig.  5a  shovs’s  the  tiine-averaged  velocity  field  in  the  X-Y 
pl't'ic  with  the  regions  of  bimodal  velocity  distributions  mca- 
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Figme  5  Vector  fields  for  ^he  dilTerent  flow  modes 
- Bimodal  in  U  ....  Bimodal  in  V 


sured  m  the  t)  and  V  components  superimposed.  Separat¬ 
ing  the  bimodal  distributions  into  two  independent  distribu¬ 
tions,  m  a  manner  similar  to  that  of  Devenport  and  Simpson 
(1990),  the  mean  flow  pattern  in  mode  1  or  mode  2  can  be 
constructed  a*  shown  in  Fig  5b  and  c  Howcvci,  these  rep¬ 
resentations  have  been  constructed  w.thout  considering  any 
pha3e  shift  of  mode  transition  between  n^'jgnbourmg  mea¬ 
suring  positions  This  information  would  ^nly  be  available  if 
spatial  correlations  were  performed. 

Further  analysis  of  this  data  reveals  extremely  high  val¬ 
ues  of  the  Reynolds  shear  stress  in  the  region  of  measured 
bimodal  'elocity  distributions  suggesting  that  this  produc¬ 
tion  IS  associated  with  large-scale  unsteadiness  Future  anal¬ 
ysis  will  investigate  the  cross  spectral  «fcnsity  of  the  U  and 
V  velocity  fluctuations  to  determine  the  time  sralcs  of  the 
uv  contributions  and  their  relative  magnitude. 

".le  cause  of  this  unsteadiness,  and  consequently  the 
cause  of  a  very  thin  reverse  flow  layer,  is  postulated  to  be 
related  to  the  origin  of  the  recirculating  fluid  (Devenport 
and  Simpson  (1990))  Low  momentum  rotational  fluid  from 
the  boundary  layer  is  easily  integrated  into  the  junction  vor¬ 
tex  while  high  momentum  irrotational  fluid  coming  from  the 
outer  flow  transforms  into  a  jet  of  near-wall  backflow  seen 
clearly  in  mode  2  in  Fig  5c.  The  present  study  indicates 
that  this  flow  behaviour  is  not  only  present  for  the  wing- 
body  junction  as  given  by  Devenport  and  Simpson  (1990) 
but  also  for  the  obstacle  placed  in  a  channel  flow  The  ma- 
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jor  dilTercncc  between  these  two  geometries  is  that  the  flow 
can  go  over  the  top  of  the  obstacle  but  can  only  go  around 
a  wing-body  junction 

A  further  region  studied  in  more  detail  is  the  flow  sep¬ 
aration  at  the  upper  leading  edge  of  the  obstacle,  shown  in 
F>g  6  There  exists  a  mean  recirculation  region  over  the  top 
surface  which  also  exhibits  very  strong  velocity  fluctuations 
and  bimodal  PDF’s  M**asurement8  of  the  U  and  V  velocity 
components,  taken  just  inside  of  the  separating  streamline 


Figure  6  Flow  over  and  behind  the  cube 


U  Time  Sene 


Figure  7  Velocity  tirriC  senes  at  x=:  0  04H, 
y=  1  024H,  z=  -n.24H 


above  the  obstacle,  arc  shown  in  Fig.  7  as  time  traces.  For 
the  most  part,  the  fluctuations  are  random  m  nature  and 
contribute  W'cakly  to  the  Reynolds  stress.  At  some  instances, 
liowever,  a  very  organized  motion  occurs  in  which  the  U  and 
V  velocity  fluctuations  become  highly  correlated  This  would 
correspond  to  intense  turbulence  production  and  tan  be  in¬ 
terpreted  as  a  large-scale  unsteadiness  in  the  recirculation 
i-'gion  similar  to  the  behaviour  seen  m  front  of  the  obstacle 
The  recirculation  region  behind  the  cube,  also  shown  in 
Fig.  6,  exhibits  a  structure  similar  to  that  described  by  Hunt 
ci  ai  (1978)  The  two  corner  vortices  visible  on  the  floor 
behind  the  cube  (as  seen  in  the  top  view  given  in  Fig.  10a) 
extend  upwards  to  join  in  the  plane  of  symmetry  forming  an 
arch  along  which  strong  velocity  fluctuations  and  bimodal  ve¬ 
locity  distributions  have  been  measured  As  was  the  case  for 
the  regions  of  bimodal  measurements  previously  described, 
this  region  also  corresponds  to  one  where  the  kinetic  turbu¬ 
lent  energy  is  very  large  A  map  of  the  turbulent  kinetic 
energy,  k  =  \{u^  +  -t-  te^),  measured  in  the  Y-Z  plane  im 

mediately  behind  the  obstacle,  shows  that  large  values  of  k 
clearly  trace  out  the  postulated  arch  vortex  behind  the  cube 
(sec  Fig.  8). 


Figure  8:  Map  of  the  turbulent  kinetic  energy  at  the  plane 
x=:I.25H  ( . back  face  of  the  cubej. 

Velocity  measurements  performed  behind  the  obstacle 
show  that  the  two  arms  of  the  horseshoe  vortex  downstream 
of  the  reattachment  point  remain  adjacent  to  one  another, 
with  no  further  strcamwisc  vortices  occuring  in  between. 
This  is  in  contradiction  to  recent  flow  patterns  proposed  by 
Shofieid  and  Logan  (1990).  These  results  also  show  that 
the  location  of  the  horseshow  vortex  centres  change  from 
z  «  ±L24H  at  I  =  1  75//  to  z  ss  ±0  95  at  z  =  5  This 


najrowMig  is.  dui*  to  tin*  influence  of  the  recirculation  region 
vortex  wliifli  entrains  innci  portions  of  the  horseshoe  vortex 
and  draws  tlie  arms  towards  the  axis  of  symmetry 

Further  analysis  of  the  wail  visualization  reviilt-  vMlh 
support  from  LDA  velocity  measurements,  leads  to  a  pu  lure 
of  the  overall  mean  flow  field  as  sketched  in  Fig.  9 


%  .t 


Flow  around  Obstacles  of  various  Aspect 
Ratios 

The  aspect  ratio  of  the  obstacle,  defined  as  the  width  to 
height  ratio  (W/II),  was  varied  between  1  (cube)  and  24 
(rib).  The  results  of  the  visualization  experiments  are  shown 
in  Fig.  10  for  five  of  the  tested  obstacles 

Observing  first  the  dark  line  of  primary  separation  in 
front  of  the  obstacle,  it  is  clear  that  at  large  obstacle  as* 
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Figure  10’  Flow  visualization  results  for  obstacles  of  different 
aspect  ratio-  a)  W/H=l,  bj  W/H=.-2,  cj  W/H=4  and 
d)  W/H=10 

pect  ratios  {W/H  >  10),  it  looses  its  curvature  and  becomes 
a  separation  line  The  separation  distance,  Xf,  shown  m 
Fig  11,  increases  with  the  aspect  ratio  to  values  of  W/H  « 
5  and  then  becomes  independent  of  the  obstacle  width.  This 
result  is  in  contradiction  to  the  visualization  measurements 
of  Konig  (1990),  who  indicates  a  decrease  of  x/r  for  large 
obstacle  widths  up  to  20H.  This  latter  value  coincides  with 
the  aspect  ratio  for  which  the  separation  line  has  negligible 
curvature. 
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Figure  ll:-  Separation  ^  and  reattachment  lengths  ^  ver- 
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Preliminary  work  in  a  water  channel  (Konig  (1990)  and 
Thcisinger  (1990))  showed  that  for  obstacle  aspect  ratios 
greater  than  10,  an  alternating  series  of  node  and  saddle 
points  could  be  observed  on  the  obstacle  front  face  as  shown 
by  the  crystal  violet  visualization  in  Fig.  12.  Whereas  the 
on*coming  flow  can  easily  be  diverted  around  short  obstacles, 
It  must  go  over  wider  obstacles  and  the  structure  of  the  for¬ 
ward  recirculation  region  apparently  changes.  In  addition, 
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Figure  12:  Crystal  violet  results  for  a  rib  sliowing  saddle  and 
nodal  points  on  part  of  the  front  face. 


no  himodal  velocity  distributions  could  be  measured  for  the 
wider  obstacles.  Thus,  the  large-scale  unsteadiness,  which 
appears  to  be  typical  of  three-dimensional  obstacles,  must 
be  closely  linked  to  the  evacuation  of  recirculating  fluid  to 
the  sides  and  around  the  obstacle,  probably  in  the  form  of  a 
horseshoe  vortex. 

Inspection  of  the  series  of  photographs  in  Fig.  10  also  re¬ 
veals  major  differences  downstrc\m  of  the  obstacles  for  dif¬ 
ferent  aspect  ratios.  For  the  cube  obstacle,  the  horseshoe 
vortex  narrows  at  a  downstream  distance  near  the  rear  reat¬ 
tachment  point.  This  behaviour  has  been  briefly  described 
in  the  previous  section.  For  wide  obstacles  {WjH  >  6), 
the  two  arms  of  the  horseshoe  vortex  appear  to  continually 
grow  further  apart,  presumably  with  little  interaction  be¬ 
tween  them.  In  the  region  between  the  two  arms,  the  W 
velocity  component  appears  to  be  zero  which  is  characteris¬ 
tic  of  a  two-dimensional  flow. 

The  reattachment  length,  zr,  normalized  with  the  ob¬ 
stacle  height  is  also  plotted  as  a  function  of  the  aspect  ratio 
in  Fig.  11.  It  can  be  seen  that  there  is  little  variation  in 
this  parameter  for  aspect  ratios  greater  than  10.  Reasonable 
agreement  is  found  between  the  present  results,  previous  re¬ 
sults  from  Konig  (1990)  and  a  correlation  relation  proposed 
by  Fackrcll  and  Pearce  (1981]i  for  obstacles  placed  m  bound¬ 
ary  layers. 

The  trailing  edge  vortices  on  either  side  of  the  obsta¬ 
cle  also  change  character  with  aspect  ratio.  These  are  indi¬ 
cated  ill  Fig.  10  by  the  strong  accumulation  of  pigment  on 
each  side  and  immediately  behind  the  obstacles  Whereas 
these  elliptically  shaped  patterns  strongly  point  outwards  for 
the  cube  obstacle,  they  point  stiongly  inwards  for  obstacles 
with  W/H  greater  than  6.  Separate  measurements  of  the 
wall  pressure  show  that  the  base  pressure  is  much  lower  for 
the  two-dimensional  obstacle  flow  than  for  the  cube  obstacle 
flow,  which  accounts  therefore  for  the  stronger  in-flow  in  the 
immediate  obstacle  wake 


Conclusions 

This  experimental  study  has  provided  further  details  of  the 
mean  flow  patterns  arouna  three-dimensional  obstacles  and 
a  comparison  of  these  patterns  to  those  for  two-dimensional 


obstacles  Major  differcu'cs  in  the  mean  and  fluctuating 
velocity  field  upstream  of"  the  obstacle  between  two-  and 
three-dimensional  obstacles  was  identified  In  particular,  a 
large  scale  unsteadiness  was  found  in  the  case  of  the  three- 
dimensional  obstacle.  This  unsteadiness  leads  to  very  high 
values  of  the  Reynolds  shear  stress  For  wider  obstacles,  a 
flow  of  ‘two-dimensional’  character  about  the  centre  plane 
IS  only  achieved  for  width-to-height  ratios  above  10  Even 
above  these  values,  howe\cr,  the  flow  upstream  and  down¬ 
stream  of  the  obstacle  does  exhibit  spanwise  variations,  in 
particular  an  alternating  saHdle/nodc  structure  on  the  ob¬ 
stacle  front  face. 
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ABSTRACT 


Flowfield  around  an  isolated  roughness  element 
(  a  circular  cylinder  )  is  Investigated  by 
experimental  and  computational  approaches.  The 
roughness  element  is  totally  submet ged  in  the 
laminar  boundary  layer  of  the  flat  plate.  Our  final 
goal  is  to  make  clear  the  transition  process  of  the 
wake  to  the  turbulence.  At  the  present  paper  the 
structure  and  the  instability  of  the  wake  near  the 
cylinder  is  mainly  focused.  Newly  developed 
return-type  wind  tunnel  is  used  to  measure  the 
velocity  field,  using  a  hot-wire  anemometer.  The 
three-dimensional  Navier-Stokes  equations  with  a 
body-fitted  coordinate  system  are  also  solved  by 
the  finite  difference  method.  The  computational 
results  show  the  formation  and  development  of  the 
horse-shoe  vortex  and  the  arch  vortex.  In  addition 
to  the  arch  vortex,  longitudinal  twin  vortices  are 
found  to  be  formed  Just  downstream  of  the  circular 
cylinder.  These  vortices  explain  the 
characteristics  of  the  experlmencal  results. 


NOHENCUTURE 


Dc  Diameter  of  a  cylinder, 

f  Frequency  of  the  velocity  fluctuation. 

H  Height  of  a  cylinder, 

h  Spacing  of  the  grid. 

Re  Reynolds  number  based  on  Uo  A  H. 

Rer  Roughness  Reynolds  number  based  on  Ur  A  H. 
p  Pressure. 

Uo  Inflow  velocity,' 

Ur  Flow  velocity  at  the  height  of  a  cylinder 

in  the  boundary  layer. 
u,v,w  Flow  velocity  components, 
x,y,z  Coordinate  system. 

X  IS  the  inflow  direction, 
y  IS  perpendicular  to  the  flat  plate. 

The  origin  is  located  at  the  center  of  the 
cylinder  on  the  plate. 


Ilfl'RODUaiON 


The  objective  of  this  research  is  to 
investigate  basic  mechanism  that  elucidates  an 
abrupt  change  of  flow  around  a  small  roughness 
element  in  a  boundary  layer  oi  a  flat  plate.  The 
small  roughness  element  in  the  laainar  boundary 
layer  is  believed  to  produce  at  least  two  vortex 
systems(Gregory  A  Walker(l951))  ;  (i)  a  horse-shoe 
vortex  in  the  upper  stream  part  of  the  roughness 
and  (11)  an  arch  or  a  trailing  vortex  in  the  wake.^ 
A  breakdown  of  the  flow  is  induced.  The  transition 
to  the  turbulent  flow,  followed  by  the  interaction 


ot  these  vortices,  forms  the  turbulent  wedge.  The 
mechanism  of  the  interaction  among  these  vortex 
systems  and  the  velocity  shear  leyer  at  the  element 
height  has  not  yet  been  understood.  So  two  methods 
of  approaches  are  undertaken  ;  experiment  and 
numerical  computation. 

This  problem  ha'^  been  not  only  one  of 
classical  themes  foi  the  boundary  layer 
theory(Tani(196Q)),'  but  also  a  crucial  problem  for 
the  aircraft  designers.  They  have  eagerly  desired 
to  evaluate  the  permissible  height  of  the  roughnees 
to  keep  the  boundary  layer  laminar. (Klebanoff,  et 
al(1987))  The  laminar  boundary  layer  generates 
smaller  sxin  friction  than  the  lubulent  one. 
Judging  Irom  Gregory  A  Walker(1951),  the  flowfield 
IS  categorized  into  three  patterns,  depending  on 
the  roughness  Reynolds  number  Rer  based  on  Ur  and 
H. 

(1)  At  smeller  Rer  (Rer  <  200)  a  pair  of  streaks 
appear  immediately  behind  the  roughness  element  and 
disappear  at  the  downstream 

(2)  At  intermediate  Rer  (  200  <  Rer  <500  )'  the 
abrupt  breakdown  of  a  pair  of  streaklines  happens 
and  the  turbulent  wedge  is  formed. 

(3)  At  larger  Rer  (  Rer  >  500  )]  the  turbulent 
wedge  seems  to  start  at  the  roughne' s  element. 

Our  attention  is  mainly  focused  on  the  second 
case.'  The  role  of  the  horse-shoe  vortex  and  the 
arch  or  the  trailing  vortex  for  the  transition 
process  to  the  turbulent  wedge  must  be  made  clear. 
Also  the  possibility  of  the  formation  of  other 
vortices  should  be  investigated. 


EXPERIMENTAL  SETUP 


The  experiment  is  carried  out  using  a  newly 
constructed  small  wind  tunnel.  (Fig.l)  This  wind 
tunnel  is  return-type.  Its  test  section  is  30  cm  x 
30  cm  X  2  m.  The  wind  speed  is  controlled  by  the 
AC-fan  motor  from  0.8  to  14  m/s..  The  contraction 
ratio  IS  13.4.  Residual  turbulence  is  about  0.12X 
of  the  free  stream  at  Uo»5m/s.  A  laminar  boundary 
layer  is  generated  on  a  flat  plate  installed  in  the 
test  section.  The  flat  plate  is  20  cm  x  90  cm  x  0.3 
cm  and  its  leading  edge  has  half  wedge  shape  with 
an  apex  angle  of  15  degrees.  A  cylindrical 
roughness  with  2  mm  height  and  2  mm  diameter  is 
located  10  cm  downstream  of  the  leading  edge.  The 
longitudinal  velocity  component  was  measured  with 

the  COPS^a^'t  temperetur^  T-ypp  hnr  wir#*  an«»mnmprry. 

The  hot-wire  sensor  is  2.5  m  diameter  and  0.5  mm 
span.  The  coordinate  system  adopted  in  the  present 
paper  is  shown  in  Fig. 2.  The  frequency  of 
fluctuation  was  analyzed  with  FFT  analyzer(CF'“ 
36O.ONO-S0KKI). 
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Fig.  2  Coordinate  systeai. 


poi&son  equarion  for  pressure  is  solved  by  SOR 
method.  The  divergence  free  term  is  added  according 
to  MAC  method . CHarlow  &  Welch(1965))  Tnc 
generalized  curvilinear  body-fitted  grid  system  is 
used  to  treat  the  boundary  conditions  easily.  For 
the  pressure  boundary  conditions  the  Neumann 
condition  is  applied  and  the  normal  derivative  of 
the  pressure  is  set  to  zero.  For  the  velocity 
conditions,  the  uniform  flow  is  assumed  at  the  in¬ 
flow  area  and  the  Neuman  condition  is  applied  for 
other  outer  boundarieo.  On  the  surface  of  the 
cylinder  and  on  th&  ground  non-slip  vonditioiis  are 
used . 


EXPERIMENTAL  RESULTS 

Ot  234  56789 

Fig.  3  Critical  velocity.'  (y«2«,  z-Omi)  CRITICAL  VELXITY 


The  flow  around  a  three-dimensional  roughness 
IS  characterized  by  an  abrupt  flow  change.  The 
change  occurs  when  the  speed  of  fluid  exceeds  a 
threshould  value,  This  value  is  called  "Critical 
Velocity".,  As  a  first  step  of  the  experiment  the 
critical  velocity  has  to  be  checked.  Fig.  3  shows 
the  rms  value  of  fluctuation  at  x>*20  mm  and  x«200 
mm(  y*2  mm,  z«0  mm).  The  abscissa  is  the  uniform 
velocity.  At  x»200  mm  turbulent  signals  break  out 
at  Uo-4.5  m/s..  The  hot-wire  signals  at  the  velocity 
are  intermittent.  Real  turbulent  waves  are  observed 
at  Uo»4.65  m/s.  Intermittent  character  of  the 
velocity  fluctuation  .s  remarkable.  In  the  vicinity 
of  the  roughness  element  (x»20  ram),'  sinusoidal 
fluctuations  were  found  at  Uo«4.5m/s..  The  amplitude 
of  the  periodic  fluctuation  increases  as  the 
uniform  velocity  up  to  5.15m/s  It  increases  again 
at  Uo*5.5  m/s.' 

Based  on  these  data, the  experiment  conditions 
are  determined  as  follows: 

•Uniform  velocity 

NUMERICAL  COMPUTATION  •Thickness  of  the  boundary  layer 

at  the  roughness  location 
•Displacement  thickness 

Fiowfield  around  a  circular  cylinder  placed  in  •Reynolds  number 

the  boundary  layer  of  a  flat  plate  is  solved  by  •Roughness  Reynolds  number 

applying  the  finite  difference  method  to  the  three 
dimension al  incompressible  Navler-Stokes 

equations . (Tamura,  et  al.(1989))  Computational  MEAN  VELOCITY  FIELDS 
conditions  are  determined  in  accordance  with  the 
experimetal  ones  as  much  as  possible.  All  spacial 
derivatives  exeept  those  of  convective  terms  are  Detailed  measurement  of  mean  velocity  profile 

cpprcximatGd  by  the  central  dilfeieiiwc.  Tlie  mude  at  a— 20  mm.  Mean  velocity  diStriuuCiwfi&  ix 

order  upwind  scheme  is  applied  to  the  convection  the  spanwise  direction  are  shown  in  Fig. 4.  At  y»1.0 
terms. (Kawamura  &  Kuwahara(1984))  The  semi-implicit  toOi  there  are  two  pa^rs  of  the  peak  and  the  valley 

scheme,,  which  is  eoivalent  to  the  Euler  implicit  on  both  sides  of  the  center-line..  The  horse-shoe 

scheme  ,  is  used  for  the  time  marching  except  the  vortex  and  the  acceleration  effect  of  the  side- 

convection  terms,,  which  are  linearized  in  time.  The  walls  of  the  cylinder  bring  about  such  wavy 


;  Uo-5.11  m/s 

:  2 . 64  ram 

•  0.88  mm 

:  Re  «677 
:  Rer»650 


Fig.  S  Spanviae  vonatioo  of  velocity  profiles. 

(  X  X  20  OB  ) 


Fig.  6  Iso-iote&sity  cootours 
of  velocity  fluctuation. 


structure.  The  velocity  difference  between  the  peak 
and  the  valley  decreases  as  the  probe  moves  away 
from  the  plate.  The  location  of  the  peaks,-  however,- 
IS  almost  fixed  at  the  side  edge  of  the  roughness 
element.  Fig. 5  shows  the  vertical  distribution  of 
the  mtan  velocity  at  various  spanwise  positions.  On 
the  center-line  the  velocity  defect  due  to  the 


Fig.  7  Frequency  of  the  velocity  fluctuation 
vs.  unifora  velocity.. 


roughness  is  observed  throughout  the  boundary 
layer,'  but  at  2-5  mm  its  influence  is  hardly 
detected  in  the  vicinity  of  the  wall  and  in  the 
outer  edge  of  the  boundary  layer.  The  effect  of  the 
roughness  reveals  itself  as  making  the  velocity 
profile  inflectional..  At  z-2  mm  the  inflectional 
point  is  situated  about  y«1.7  mm.  If  the 
infletional  instability  is  responsible  for  the 
instability  at  the  downstream  stage  as  mentioned 
by  Klcbanoff  -,  et  al.(1987),  fluctuations  develop 
near  this  position.  The  velocity  profile  at  z*5  mm 
shows  some  velocity  defect,  suggesting  that  a 
rather  long  relaxation  distance  is  needed  in  the 
lateral  direction.  We  notice  that  small  deviation 
from  Blasius  profile  exists  from  y«l  to  2  mm. 
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Fig.  8  Kean  velocity  distributions 

at  high  shear  layers.  (  x  »  2  qb  ) 


FLUCIUATIONS 


The  velocity  fluctuation  at  '■*20  mm  begins  to 
appear  at  Uo»4.5  m/s  as  mensioned  before.  The 
amplitude  of  the  fluctuation  shows  a  rapid  increase 
in  the  flow  direction.  Maximum  amplitude  of 
fluctuation  occurs  on  the  center-line.-  Magnitude  of 
the  maximum  fluctuation  reaches  over  12  %  of  the 
uniform  velocity.  According  to  the  visualization,,  a 
pair  of  rounter-roatating  vortex  filaments  exist  in 
the  vicinity  of  the  center-line  and  they  would 
realize  two  peaks  lu  the  amplitude  distribution. 
But  the  spacial  resolution  of  the  hot-wire  is  not 
sufficient  to  discnminate  two  vortex  cores  Figs. 6 
show  iso-mtensity  contours  of  the  velocity 
iluLtuation  with  regards  to  the  uniform  velocity.  A 
spotted  structure  of  the  peaks  of  the  amplitude 
distribution  occurs  at  X»40  mm.  A  distortion  of  the 
trailing  vortices  is  believed  to  be  la’^gely 
associated  with  this  change.  The  frequency  of  the 
fluctuation  is  measured  with  the  spectrum 
analvzer(Fig.7).  The  hot-wire  probe  was  set  at  the 
roughness  top  and  on  the  center-line..  The  dominant 
frequency  of  fluctuation  is  proportional  to  the 
uniform  velocity  and  its  shape  becomes  gradually 
dull. At  about  Uo«5.5  m/s  a  pair  of  new  components 
appears  suddenly  .  A  fundamental  component  of  670 
IS  Hz  and  its  subharraonics  is  345H2,  The  new 
components  are  so-called  ‘'line-spectra".  The 
previously  dominant  component  diminishes  with  the 


Fig.  10  Streav  lines.  (  at  the  syasetrlcal 
crons  section  ) 


increase  of  the  uniform  velocity,  ihe  solid  line  is 
calculated  from  the  stability  prediction  of  two- 
dimensional  wake  by  Mattingly  and  Criminalc( 1972) . 
The  present  results  agree  well  with  their 
prediction  in  the  case  of  lower  uniform  velocity. 


Fig.  9  Grid  systea.  (  102  x  100  x  100  ) 


Fig.  11  Stress  lines.  (  front  view  ) 


I  ?  y'  f'  '  * 


14-5-4 


COMPUTATIONAL  RESULTS 


The  computation  was  carried  out,  i>imu  l.iL  ing 
the  experimental  conditions  as  much  as  possible. 
Reynolds  number  Re  was  set  to  600.  The  grid  system 
’’sed  in  this  computation  is  shown  in  Fig  9.  The 
mesh  size  is  102  for  the  radial  direction,  100  for 
the  circumfencial  one  and  100  for  the  height.  The 
'0-tvpe'  grid  is  adopted  at  any  section  of  constant 
height  near  the  cirlular  cylinder.  And  the  whole 
grid  system  is  made  up  bv  putting  the  *0-typo*  grid 
cn  another.  Such  grid  system  is  believed  to  be 
suitable  because  the  abrupt  variation  of  Jacobian 
can  be  avoided  in  the  computational  domain. 

In  Fig.  10  the  stream  lines  on  the  upperstream 
part  of  the  roughneso  is  shown.  This  figure  is  the 
view  at  the  1 ongiludinall\  symmetrical  cross 
section.  The  iion-dimensionalized  ellaped  time  ( 
time  X  the  inflow  velocity  /  the  cylinder  diameter 
)  from  the  start  of  the  computation  is  lb. 42,  as 
well  as  that  of  the  following  figures.  The 
formation  of  the  horse-shoe  vortex  is  clearly 
detected  Msc  the  stagnation  point  is  found  on  the 
surface  of  the  circular  cylinder.  (Marked  with  a 
circle  in  the  figure,)  It  is  difficult  to  determine 
the  location  of  the  stagnation  point  precisely, 
because  the  spacial  resolution  is  insufficient.  But 
the  cui ved  stream  lines  around  the  stagnation  point 
can  be  recognized. 

The  development  of  the  stream  lines  around  the 
horse-shoe  vortex  is  shown  in  Fig.  11.  These  stream 
lines  flow  away  without  interacting  with  the  \-ake. 
It  means  that  there  in  no  interference  between  the 
horse-shoe  vortex  and  the  wake  in  this  computation. 

In  Figs.  12  (a)  and  (b)  the  selected  stream 
lines  in  the  wake  are  presented.  From  the  top  view 
(Fig.  12  (b))  the  periodic  shedding  of  pair 
vortices  in  the  wake  is  clearly  found.  Supposing 
one  stream  line  just  behind  the  circular  cylinder 
in  Fig.  12  (a)  is  focused,  it  is  shown  that  this 
stream  line  goes  up  first,'  change  ics  di  ection 
about  the  cylinder  height  and  flow  straight  to 
downstream. 

Figs.  13  (a),(b)and  (c)'  are  the  pressure 
contours  at  the  various  cross  sections 
respectively.  The  higher  pressure  region  is  formed 
just  upperstream  of  the  cylinder.  This  is 
corresponding  to  the  stagnation  point.  It  is  easily 
found  that  pair  of  vortices  are  sheded 
simultaneously  and  periodically.  They  spread  a 
little  transversially  in  the  wake.  These  vortices 
almost  diappeared  at  the  height  of  the  cylinder.. 

The  pressure  contours  at  the  symmetrical  cross 
section  (  Fig.  14)  shows  the  transverse  vortex  in 
the  wake. 

Judging  from  these  vortex  structure  ,  it  is 
concluded  that  the  arch  type  vortices  are  shedded 
periodically  and  flow  downstream.  They  stretch  at 
most  to  the  level  of  the  cylinder  height  and  spread 
transversially  a  little.  It  can  be  mentioned  that 
the  arch  vortex  is  formed  by  the  shear  between  the 
acceleration  of  the  side-walls  and  the 
deacceleration  of  the  wake,-  and  that  the  higher 
velocity  region  in  the  velocity  distribution(Fig. 
4)  IS  explained  by  the  formation  of  the  arch 
vortices. 

From  Fig.  14  the  flow  u  known  to  be  .separated 
on  the  top  of  the  cylinocr.  The  lower  flow  speed 
region  at  the  ccntciline  (Fig.-  4)^  and  the 
turbulence  intensity  structure  (Fig.  6),  correspond 
to  this  separation. 

Fig..  15  IS  the  stream  lines  at  the  section 
just  downstream  ot  the  cylinder.  The  viewing 
uiiecLioii  18  iiiaiked  lit  'he  figure.  A  pair  of 
vortices  are  recognized.  The  center  of  these 
vortices  a-e  located  below  the  cop  of  the  cylinder 
and  inside  the  side  walls. 


Pig.-  IS  Stream  l.ies  (  juat  dovnrtream  of  the 
circular  cylinder  ) 


CONCLUSION 


Experiment  and  numerical  computation  are  being 
conducted  to  make  clear  the  structure  and  the 
instability  of  the  flow  past  a  circular  cylinder 
placed  on  a  flat  plate  in  the  laminar  boundary 
layer.  Accordig  to  Gregory  and  Walker's  experiment, 
an  intermediate  roughness  Reynolds  number  case  was 
examined.  It  is  confirmed  that  in  this  case  the 
horse-shoe  vortex  is  formed  but  does  not  interact 
with  the  woke.  The  flow  separation  on  the  top  of 
the  cylinder  determines  the  deaccleration  and  the 
high  turbulence  intensity  at  the  centerline  of  the 
wake.  The  arch  vortices  are  formed  in  the  wake. 
These  vortices  determine  the  acceleration  region  at 
the  side  walls.  Another  pair  of  longitudinal 
vortices  arc  formr  just  behind  the  circular 
cylinder.  Such  cc npucational  results  explain  well 
the  charactersitics  of  the  experimental  results. 
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ABSTRACT 

In  the  present  paper,  the  three-dimensional  transition  of  the 
flow  behind  a  bluff  body,  at  low  Rey-  -Hs  numbers,  is  studied  It 
has  previously  been  found  that  there  are  two  fundamental  modes  of 
three-dimensional  vortex  shedding  in  the  wake  of  a  circular  cylinder 
(dependant  on  the  range  of  Reynolds  number),  with  a  spanwise 
length  scale  of  the  same  order  as  the  primary  streamwise 
wavelength.  However,  it  la  shown  in  the  present  study  that  the 
wake  transition  also  involves  the  appearance  of  low-frequency 
intermitlenl  wake  oscillations,  which  are  the  result  of  the  generation 
of  large-scale  "spot-like"  structures  that  grow  downstream  to  a  size 
of  the  order  of  10-20  primary  wavelengths.  These  massive 
simemres,  which  are  caused  by  "vortex  dislocations",  have  some 
similarities  with  mrbuleni  spots  found  in  bounded  shear  flows,  as 
well  as  with  some  flow  structures  found  in  free  shear  flows.  It  will 
also  be  shown  that  such  spot-like  structures  can  be  passively  forced 
to  occur  in  the  wake  using  a  small  localised  disturbance  near  the 
body.  The  disturbance  cuuses  the  periodic  generation  of  "vortex 
dislocations"  that  grow  into  the  large-scale  "spots".  By  forcing  such 
phenomena,  we  are  belter  able  to  study  their  structure  and 
chaiBcleristics,  in  much  the  same  way  as  investigators  have  studied 
turbulent  spots  that  have  been  artiflcially  forced  In  boundary  layers. 

1.  INTRODUCTION 

A  number  of  investigations  have  recently  been  concerned  with 
the  general  problem  of  the  development  of  three-dimensional 
structure  in  turbulent  shear  flows,  and  with  the  corresponding 
implications  for  mixing  in  such  flows.  The  form  and  development 
of  such  structures  can  oflen  be  studied  to  advantage  in  the  liansition 
region,  where  smaller  scales  have  not  yet  developed. 

In  the  transition  regime,  it  has  been  found  that  there  are 
differences  in  the  development  of  streamwise  vorticily  in  the  wake 
of  bluff  bodies  as  compared  with  the  "unseparated"  wake  from  a 
splitter  plate.  (Such  developments  are  discussed  in  detail  in 
Williamson,  ll/SSb,  i99la-d).  These  differences  arise  from  the 
presence  of  the  bluff  body  in  the  former  case,  which  causes  die  main 
part  of  the  streamwise  vorticily  to  originate  primarily  from  a 
spanwise  instability  of  the  primary  vortices  (the  2-D  rollers).  Over  a 
range  of  Reynolds  numbers,  two  modes  of  three-dimensionality  are 
found,  and  the  appearance  of  each  mode,  as  we  increase  Reynolds 
number,  corresponds  with  a  discontinuity  in  the  Strouhal-Reynolds 
number  relationship  as  can  be  seen  in  Figure  1.  Above  Re- 180, 
there  is  a  discontinuous  change  in  the  wake  formation,  as  the 
primary  wake  vortices  become  unstable  and  generate  large-scale 
vortex  loops.  This  "mode  A"  three-dimensional  shedding 
correponds  with  Strouhal  curve  A  in  Figure  1 .  Between  Re-230- 
260  there  is  a  ttinsilion  to  a  mode  B  three-dimensional  shedding 
involving  the  ireeption  of  flner-scale  streamwise  vortex  structure, 
with  a  shedd'iig  frequency  corresponding  to  curve  B  in  Figure  I. 
At  this  discontinuity  there  is  no  hysteresis  (as  occuis  at  the  first 
discontinuity),  and  it  is  found  that  two  moda  of  vortex  shedding 
(modes  A  and  B)  alternate  in  time.  There  are  thus  two  stages  In  the 
transition  to  three-dimensionality  b  the  wake  of  a  bluff  body,  each 
of  which  is  assoebted  with  a  different  scale  of  streamwise  vortex 
stmeture,  and  with  a  different  vortex  shedding  frequency. 

However,  it  is  found  that  the  transitiun  to  thrcc-dimenslonality 
involves  a  further  phenomenon,  and  one  that  is  largely  responsible 
for  the  low-frequency  fluctuations  and  break-up  to  turbulence  In  the 


wake,  namely  the  presence  of  "vortex  dislocations”  in  the  near 
wake.  Vortex  dislocations  are  generated  between  spanwise  cells  of 
different  frequency,  when  the  primary  "Karman”  vortices  in  each 
cell  move  out  of  phase  with  each  other.  Across  the  cell  boundaries, 
a  rather  contorted  web  of  vortex  linking  occurs.  In  what  is  termed 
here  a  dislocation,  in  analogy  with  dislocations  that  appear  in  solid 
mechanics.  These  dislocations  grow  downstream  into  large-scale 
spot-like  sliuclures  (in  a  manner  not  unlike  the  "transverse 
contamination"  of  boundary  layer  spots,  as  described  for  example 
by  Schubauer  &  Klebanoff,  19S6,  andCad-El-Haketal.,  1981). 

In  the  transition  regime,  cells  of  different  frequency  appear 
(along  with  vortex  dislocations),  due  in  part  to  the  alternating  of 
different-frequency  modes  of  3-D  shedding  along  the  span,  as 
discussed  above.  In  the  laminar  regime  also  (Re<180),  it  is  found 
that  cells  occur,  but  in  a  more  ordered  fashion  than  for  the  transition 
regime,  and  these  cells  are  associated  with  certain  oblique  vortex 
shedding  modes  (Williamson, 1988a,  1989s:  Eisenlohr  & 
Eckelmann,  1989;  Konig,  Eisenlohr  &  Eckelmann  1990).  These 
laminar  oblique-shedding  modes,  involving  cells  and  dislocations, 
are  influenced  by  the  end  boundary  conditions. 

browand  and  T routt  ( 1 98S)  had  earlier  found  vortical  structures 
to  be  generated  naturally  in  the  shear  layer  between  spanwise  cells  of 
different  frequency,  or  between  cells  of  similar  frequency  but  which 
are  out  of  phase  with  each  other.  These  vortical  stroctures  were 
inferred  from  velocity  measurements  using  a  rake  of  hot  wires 
along  the  span.  Browand  and  Ho  (1987)  suggested  that  these 
"defects”  or  dislocations  could  be  due  to  slight  non-uniformities  in 
the  flow,  causing  differences  in  frequency  along  the  span.  Although 
the  "defects"  b  the  free  shear  byer  observed  by  Browand  et  al.  are 
found  to  be  produced  randomly  in  space  and  time,  it  has  proved 
possible  to  organise  them  by  acoustic  forcing  (Browand  and  Ho, 
Browand  and  Prost-Domasky,  1988,1989)  and  so  to  study  their 
evolution  more  clearly.  A  process  similar  to  the  vortex  splitting 
(mentioned  above)  could  be  inferred  from  their  velocity 
measurements.  The  defects  cause  an  increase  in  the  low-frequency 
velocity  fluctuations  as  the  shear  layer  travels  downstream,  and  it 
has  been  found  that  they  are  dynamically  important  b  promoting 
vortex  pairing  bteractions  locally  in  the  shear  byer.  They  seem  to 
be  of  fundamenbl  importance  in  the  development  of  such  shear 
byera.  Efforts  are  underway  to  describe  such  topological  effects 
from  theoretical  considerations  (Yang,  Huerre  &  C^iet  1989). 

Nygaard  &  Glezcr  (1990)  have  constructed  a  highly- 
sophbticatcd  heater-strip  forcing  technique  for  use  b  water,  with  the 
intention  of  forcing  many  different  spanwise  patbms  of  vortex 
formation  b  a  free  shear  byer.  By  imposing  a  spanwise  phase 
modubtion  on  the  evolving  primary  vortices,  they  have  bduc^  the 
primary  vortices  b  split  or  dblocate  at  certain  spanwise  positions  b 
a  remarkably  neat  manner,  and  thereby  to  produce  strong 
streamwise  vorticity  in  the  flow.  The  study  has  some  similarities 
and  b  complement^  to  the  flows  being  studied,  usbg  a  different 
technique,  by  Browand  et  al. 

txpertmenb  by  Uharib  and  by  Wiiiiams  (at  the  University  of 
California)  have  extended  the  work  of  Van  Arts,  Gharib  and 
Hammache  (1988),  where  a  vibrating  wire  created  spanwise 
structures  due  to  interactions  of  the  wire  frequency  with  the  natural 
shedding  frequency.  They  considered  the  case  of  a  shear  layer 
forced  to  have  different  frequencies  over  each  half  span,  similar  to 
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Figure  I,  Suoahat  number  versus  Reynolds  number  over  the  laminar  and  transition 
D -0.061  cm.  (M).  200)  D-OOSlcTcwiiMo'  ” 


Figure  2.  Development  of  a  "vortex  dlslocaaon"  in  the  laminar  shedding  regime. 


(b)  Time  iracej  of  velocity  nuctuationaken 

with  a  hot  wire  probe  at  different  spanwise 
poaitione,  across  a  dislocation.  The  central 
tra«  corresponds  with  a  position  between  the 
cells,  whereas  the  upper  and  lower  traces  arc 
for  positions  well  within  the  two  different 
frcqucncy-cella. 

,  Spectra  of  velocity  fluctuations  weii 
wthin  a  frequency-celi  (upper  spectmtn),  and 
betWMn  two  cells  (lower  spectrum),  the  latter 
showing  the  characteristic  quasi-periodic  form. 
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the  experiments  of  Browand  et  al.,  but  in  this  case  further  utilising 
the  control  of  heater  strips.  They  made  the  suggest'on  'hat  vortical 
.slrucnires  between  cells  of  different  frequency  could  b  part  of  the 
fundamental  process  by  which  streamwise  vorticity  is  gr>ictatcd  in 
shear  flows. 

It  can  be  seen  from  the  above  that  dislocations  can  be 
generated  In  free  shear  flows,  as  well  as  in  other  flows,  of  which 
one  type  is  perhaps  to  be  expeaed;  namely  the  non-uniform  flow 
past  a  body.  Caster  ( 1 969 , 1 97 1 )  and  recently  Papangelou  &  Caster 
( 1 99 1 ),  and  also  Picirillo  &  Van  Alta  (1991)  have  Investigated  the 
flows  past  cones,  and  it  has  been  found  in  these  studies  that  cells  of 
different  frequency  appear,  along  with  the  expected  dislocation 
structures  between  the  cells.  The  agreement  between  typical 
experimental  results  for  flow  past  cylinders  and  cones  with 
computations  made  on  a  Connection  Machine  by  Jesperson  and 
Levit  ( 1 99 1 )  is  remarkably  good  for  such  complex  flows,  and  much 
may  be  learnt  from  such  computations.  Further  work  by  Lewis  & 
Charib  ( 1 99 1 )  has  also  found  interacting  cells  of  diflerent  frequency 
in  the  wake  of  a  slepped-cylinder,  which  have  similarities  to  the 
interaction  of  cells  in  the  wakes  of  cones.  Finally,  different- 
frequency  cells  may  be  found  in  the  wake  of  a  cylinder  placed  in  a 
shear  flow,  and  this  was  shown  by  Maull  &  Young  (1973)  and  is 
discussed  in  a  review  by  Griffin  (1988).  In  fact,  ongoing  work  by 
Rockwell  (1991)  and  by  Bearman  &  Szewczyk  (1991)  seem  also  to 
exhibit  interacting  cells  of  different  frequency  in  the  wakes  of  bluff 
bodies  with  spanwise  geometric  variations.  It  seems  from  the  above 
that  there  are  several  investigations  being  conducted  on  the  non- 
uniform  Hows  past  bodies,  and  primarily  in  the  laminar  shedding 
regime. 
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Figure  3.  Velocity  fluctuatioaa  for  the  lembiar  wake 
veisiu  the  natuaU  3-D  lutbuleal  wake. 

(a)  Transverse  profiles  of  (u'mu  /  velocity 
fluctuations,  showing  the  marked  contrast  ^tween  the  laminar 
wake  (Re-ISZ)  and  3-D  transition  wake  (Re*183).  (Y/D  - 
distance  perpendicular  to  wake  centreplane  /  diameter.) 

(b)  Downstream  decay  of  (u’mu/  Vx),  showing  the 
much  slower  decay  for  the  3-D  tuibulent  wake  (Re>l83  and  248), 
as  compared  with  the  laminar  wake  (Re*l 32).  (X/D  -  distance 
downstream  from  cylinder  axis/diameter.) 


The  present  work  has  stemmed  from  studies  concerning  the 
three-dimensional  aspects  of  cylinder  wakes  in  uniform  How 
conditions  It  has  been  shown  before  that  cells  of  different 
frequency  appear  in  the  wake  of  a  cylinder  in  a  uniform  flow,  in  the 
laminar-shedding  regime  (Cerich  &  Eckelmann,  1982) .  In  the 
laminar  regime  these  cells  are  influenced  by  the  end  boundaiy 
conditions  ^  have  recently  been  found  to  be  the  origin  of  a  number 
of  phenomena  in  the  cylinder  wake,  including  that  of  oblique  vortex 
shedding,  and  also  the  possible  discontinuous  changes  of  shedding 
mode  i^lh  variation  of  Reynolds  number  (Williamson,  1988a, 
1989a;  Eisenlohr  &  Eckelmann,  1989;  Konig,  Elsenlohr  & 
Eckelmann  1990 ).  Of  patticular  importance  in  the  present  study  is 
the  fact  that  vortex  dislocations  are  found  to  be  a  fund^ental  feature 
of  the  nahiral  3-D  transition  in  the  cylinder  wake,  and  it  is  found  that 
very  slight  phase  variations  due  to  the  3-D  modes  of  shedding  can 
nanitally  produce  dislocations  in  the  wakes  of  long  cylinden.  One 
of  the  prime  characteristics  of  dislocations  is  their  reasonably  fast 
growth  in  the  spanwise  direction,  and  they  seem  to  trigger  a  rapid 
breakdown  to  turbulence  with  a  broad  spectrum  within  several 
primary  (Karman)  vortex  wavelengths  downstream  of  the  body. 
The  natural  occurrence  of  dislocations  as  part  of  the  transition 
process  is  discussed  below  in  Section  2. 
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Figure  4.  Downstream  decay  of  u' fluctuations  for  the  laminar 
and  3-D  turbulent  wakes. 

The  time  traces  of  velocity  fluctuations  on  the  left  art  for 
the  laminar  wake  (Re-IS2),  and  these  show  a  rapid  decay  of 
energy.  This  is  in  marked  contrast  with  the  3-D  turbulent  wake  on 
the  r.ght  (Re>t83),  for  which  the  energy  at  the  shedding 
frequency  rapidly  gives  way  to  large  low-frequency  oscillations. 
Th'  origin  of  these  I^e  osdilations  downstream  (i^d-40)  comes 
from  the  ’’glitches”  in  the  time  traces  found  upstream  (x/d'IO), 
and  are  due  to  the  formation  of  vortex  dislocations.  (Time  traces 
are  scaled  correctly  relative  to  each  other,  although  the  scale  is 
arbitiary.) 
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In  Section  3,  it  will  be  shown  that  "vortex  dislocations"  can  be 
simply  triggered  artificially,  with  the  intent  that  the  penodic 
evolutton  of  these  structures  can  more  easily  be  studied  as  they 
progress  downstream.  The  dtslocations  are  generated  by  a  small 
disturbance  in  the  form  of  a  small  ring  of  slightly  larger  diameter 
than  the  cylinder,  which  is  placed  at  a  certain  spanwisc  position  on 
the  cylinder.  This  ring  generates  a  slightly  lower  frequency  ol 
shedding  (fg)  than  is  found  over  the  rest  of  the  cylinder  (0,  which 
then  results  in  vortex  dislocations  appearing  at  the  low  beating 
frequency  (fo  “  f  •  Ot)  The  observation  that  such  a  ring  would 
generate  dislocattons  originated  from  a  study  of  possible  end 
conditions  for  a  cylinder  (tn  early  1988),  where  a  large  range  of 
endplate  dtameters  was  investigated.  It  was  found  that  even  for  very 
small  endplates,  which  were  both  thin  (in  the  spanwise  direction), 
and  had  a  diameter  only  slightly  larger  than  the  cylinder,  that  the 
vortices  of  the  main  cylinder  span  did  not  end  smoothly  at  the 
endplate,  but  rather  Were  interacting  with  the  wake  of  the  endplate 
itself  to  generate  large  spot-like  structures.  Interestingly,  as  the 
endplate  became  smaller,  so  the  dislocations  became  larger,  because 
they  scale  on  the  inverse  of  the  dislocation  frequency  fo !  It  was 
decided  at  that  time  to  study  these  large-scale  vortex  dislocations  for 
their  own  sake, with  the  feeling  that  whether  or  not  it  had  any 
significant  connection  with  natural  transition,  it  was  a  phenomenon 
of  intrinsic  interest.  Fortunately,  this  study  has  proved  most 
fruitful,  as  it  provides  much-needed  insight  to  the  naturally 
occurring  dislocations  that  are  part  of  transition  Examples  (shown 
in  colour)  of  forced  dislocations  have  been  shown  in  Williamson 
(1989b),  in  the  Gallery  of  Fluid  Motion. 


Figure  5.  Ncaurm  formation  of  a  symmetric  "vortex  dislocation" 
as  afuvUanentai  part  of  the  'ransition  process,  Re=2I0 

These  ”voilex  dislocations"  appear  when  there  is  a  local  phase 
vanation  of  the  sheddii.g,  and  these  are  found  when  locally  a  part  of 
a  vortex  moves  i  ut  of  ph.tse  with  the  vortex  formation  to  each  side. 
The  photograph  shows  a  symmetric  "vortex  dislocation"  recentlv 
formed  in  Se  near  wake  of  the  cylinder,  and  travelling  downstream. 
Flow  is  upwards,  and  the  horizontal  cylinder  is  shown  as  the  thick 
white  line  at  the  bottom 


2.  NATURAL  FORMATION  OF  "VORTEX 
DISLOC.^TIONS"  AS  PART  OF  THE  TRANSITION 
PROCESS 

Some  features  of  vortex  dislocations  can  be  shown  clearly 
from  iiivcsligations  in  ihe  laminar  regime,  as  shown  in  Figure  2. 
The  photographs  m  (a)  show  the  fonnation  of  a  vortex  dislocation 
for  a  vertical  cylinder  which  is  moving  to  the  right,  and  which  has  a 
higher  shedding  frequency  in  the  top  part  of  each  photograph 
relative  to  the  bottom  half.  (The  cylinder  is  towed  in  a  water  lank, 
and  Ihe  visualisation  shows  dye  washed  off  the  body )  The 
dislocation  involves  vortex  division,  whereby  vortices  of  one  sign  in 
one  cell  arc  divided  up  and  are  linked  to  vortices  of  the  same  sign  in 
Ihe  other  cell.  These  dislocations  occur  at  the  beat  frequency  (f|  -f2) 
between  the  frequencies  of  each  of  the  neighbouring  cells  (f|  and 
fj),  and  cause  m^ulalions  in  the  time  traces  of  velocity  fluctuation 
when  a  probe  is  placed  between  the  cells,  as  shown  in  the  central 
trace  of  (b)  (The  velocities  are  measured  using  a  hot  wire  placed  in 
Ihe  wake  of  a  cylinder  in  a  wind  tunnel.)  The  top  and  bollv.r 
periodic  velocity  fluctuation  traces  correspond  to  the  different 
frequencies  that  are  found  within  the  different  cells  (found  by 
placing  the  hot  wire  at  different  spanwise  positions).  As  one  could 
expect,  the  corresponding  spectra  are  shown  to  be  periodic  well 
within  a  frequency  cell,  but  are  quasi-periodic  close  to  the  cell 
boundaries,  as  seen  in  (c).  In  the  case  of  the  natural  three- 
dimensional  transition  at  higher  Reynolds  numbers,  the  appearance 
of  vurtex  dislocations  is  not,  in  geneml,  periodic  as  in  the  above 
example,  but  seems  to  be  random  in  lime  and  space. 


Figure  6.  Forced  formation  of  symmetric  "vortex  dislocations" 
(large-scale  A  slrvctuns). 

The  colour  visualisation  shows  the  fonnation  of  a  vortex 
dislocation  at  a  low  frequency.  The  large-scale  A  structure  is 
forced  to  occur  in  Ihe  wake  of  a  cylinder,  doe  to  tht  presence  of  a 
small  ring  disturbance  on  Ihe  cylinder  surface,  t  ms  generates  a 
slighi'y  lower  frequency  at  a  local  spanwise  position  (marked  by 
Ihe  yellow  dye),  which  causes  the  vortices  behind  Ihe  distuibance 
to  dislocate  from  those  vonices  to  either  side  (seen  as  the  almost- 
horizontal  green  lines  to  each  side).  Flow  is  upwards,  and  the 
vertical  extent  of  the  photographs  is  around  60  diameters. 
(Re-l20). 


Striking  differences  in  the  character  of  the  wake 
between  the  laminar  and  the  transition  regimes  can  be  seen 
in  Figure  3  and  4.  The  transvcrac  profile  of  u'  fluctuations 
for  x/d'SO  in  Figure  3(a)  when  there  is  laminar  shedding 
(Re*  132)  shows  two  peaks  corresponding  to  the  two 
oiganised  rows  of  laminar  vortices  travelling  downs*ream, 
whereas  the  turbulent  case  orRe-183  shows  much  larger 
overall  fluctuation  energy  with  a  maximum  ii>  the  wake 
centre.  Clearly,  the  character  of  the  turbulent  fluctuation 
profile  is  very  different  from  the  laminar  profile.  Figure 
3(b)  shows  that  the  energy  (which  is  related  to  u’,„,) 
decays  downstream  much  slower  in  the  three-dimensional 
(turbulent)  shedding  case  than  for  the  laminar  case  (which 
decays  exponentially  beyond  about  x/d*10).  These 
differences  correspond  in  Figure  4  with  the  much  larger 
velocity  fluctuations  downstream  for  the  transition 
Reynolds  number  (Re*  1 33)  than  for  the  laminar  case 
One  can  see  that  the  large  flucniations  are  of  much  lower 
frequency  than  the  upstream  vortex  shedding  frequency, 
and  are  related  to  the  occurence  of  the  low  frequency 
intermittent  "glttches"  appearing  in  the  time  traces  further 
upstream  at  xfd'IO.  These  intermittent  glitches  are 
themselves  associated  with  the  formation  of  vortex 
dislocations  (these  features  are  discussed  at  length  in 
Williamson,  I99ld).  In  summary.  It  is  the  growth  of 
these  disl>.  cations  into  massive  stmetures  downstream  that 
causes  the  I  irge  velocity  flucniations  at  low  frequency,  and 
the  rela'.vely  slow  decay  of  flucniation  kinetic  energy  as 
compared  with  the  laminar  wake. 

Visualisation  of  vortex  dislocations  occuKng  in  the 
natural  wake  transition  are  shown  In  Figure  5  (from  laser- 
induced  fluorescence  of  a  cylinder  wake  in  a  computer- 
controlled  XY  Towing  Tank).  Dislocations  can  occur  due 
to  the  interaction  of  cells  of  different  fre^ency  along  the 
span  causing  an  asymmetric  type  of  dislocation,  but  a 
different  type  of  dislocation  can  be  caused  when  the 
shedding  frequency  along  a  section  of  the  span  changes 
relative  to  the  frequencies  on  either  side  (i.e.  If  there  is  r 
local  phase  variation).  In  this  case  two  dislocations  occur 
side-by-side  along  the  span  to  cause  a  large-scale 
symmetric  stnicture.  The  dislocations  spread  out  into  the 
spanwise  regions  to '  'r  side  as  they  travel  downstream, 
and  this  spanwise  "oc  jnination’' Is  partly  associated  with 
axial  flow  in  the  vort’-es  when  they  are  divided  across  the 
dislocations.  The  angles  of  spreading  of  such  large-scale 
A-slructures  is  typically  around  I0-I2°(halfaiiglel. 

3.  PASSIVELY-FORCED  FORMATION  OF 
■VORTEX  DISLOCATIONS* 

Often  it  IS  fou-nd  that  vortical  structures  which  occur 
in  shear  flows  can  conveniently  be  investigated  by  forcing 
them  to  appear  In  a  controlled  maimer.  An  example  of  this 
is  the  generation  of  turbulent  spots  in  a  boundary  layer 
either  singly  or  periodically  using  roughness  elements  on 
the  bouni^  surface,  or  oy  initialing  an  electric  spark  on 
the  surface,  and  also  by  fluid  Injection  (amongst  many 
studies  involving  forcing  of  spots  are:  Schubmier  and 
KlelranofT,  1936;  Cad-el-Hak,  RIavkwelder  &  Riley, 
1981;  Wygnanskietal.  Ilsweire  &  Van  Atta,  1984). 
In  the  present  case,  vortex  dislocations  ate  produced  in  an 
otherwise  laminar  wake  (Re- 1 20)  by  using  a  small 
disturbance  at  a  local  spanwiK  position,  in  the  form  of  a 
ring  of  slightly  larger  diameter  than  the  cylinder  diameter. 
This  causes  locally  a  vorte.-  fiequency  of  slightly  lower 
frequency  than  over  the  rest  of  the  span,  and  induces 


Figure  8,  Comparison  oi  velocity  fluctuations  at 
dlfierent  downstream  distances  far  the  normal  wake  and 
for  the  wake  with  forced  vortex  dlslocadons. 

On  the  left  are  shown  velocity  fluctuations  that 
rapidly  decay  downstream  lor  the  normal  wake,  whereas 
for  the  wake  with  dislocations  (on  the  right)  there  is  a  large 
growth  of  oscillation  energy  at  the  low  dislocation 
frequency  at  the  expense  of  the  higher  vortex  shedding 
frequency.  There  differences  in  wake  fluciu  itians  are 
similarly  observed  when  the  wake  undergoes  natural  3-0 
transition  from  the  laminar  slate  (see  Figure  4). 


A 


Figure  7.  Comparison  ofmean  and  flucnaling  velocity  profiles  at 
dlC'tent  downstream  distaroes  for  the  normal  wake  and  for  the  wake  with 
forc^  vortex  dislocations.  .  . 

On  the  left  are  shown  mean  velocity  (U Uio)ptofiles  in  the  laminar 
wake  (solid  symbols),  and  in  the  path  of  the  vortex  dislocations  (open 
symols).  There  is  a  mariced  reduction  in  momentum  defect  In  Uie^  of  the 
wake  with  dislocations.  On  th,:  tiahl  are  shown  corresponding  fluctuating 
velocity  (u’tms''  Uw)  profiles.  The  growth  of  the  large  peak  in  the  centre 
of  the  wake  is  associated  with  the  growth  of  the  large-scale  A-siiucturea  or 
vottex  dislocations,  as  we  travel  downstream.  The  proflles  in  the  central 
figure  are  markedly  similar  to  those  found  when  the  wake  undergoes  natural 
3-D  transition  from  *e  laminar  state  (see  Figure  3(a)) 
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frequency  than  over  the  rest  of  the  span,  and  induces  '’symmetric” 
vortex  dislocations  to  be  produced  periodicaily  at  a  low  beat 
frequency.  A  typical  large-st^e  stnicture  formed  Irom  a  dislocation 
can  be  seen  in  I  sgure  6,  travelling  downstream  and  spreading  out 
spanwise  Each  of  the  white  almost-honzontal  lines  (to  each  side  of 
the  large  dislocation)  marks  a  primary  vortex  shed  by  the  cylinder 
i|  can  be  seen  that  this  large  structure  has  good  similarity  with  the 
natural  dislocation  in  Figure  5. 

A  comparison  is  shown  in  Figure  7  of  mean  and  fluctuating 
velocity  profiles  between  a  position  in  the  wake  of  the  distuibancc 
(!  c  within  the  path  of  large-scale  dislocations)  and  a  position 
outside  the  dislocation  region  (i  e.  within  a  laminar  voncx  wake  at 
this  Reynolds  number).  The  mean  velocity  ptcfile  in  (he  wake 
affected  by  the  dislocation  has  a  much  lower  momei:tum  defect,  w 
compared  with  the  norma’  wake,  A  particularly  interesting 
comparison  cart  be  made  for  the  fluctuation  profiles.  Upstream,  the 
profiles  both  within  and  outside  of  the  dislocation  region  arc  similar 
(although  the  energies  are  aasociated  with  sligntly  different 
frequencies).  However,  downstream  at  x/d-40,  the  fluctuation 
profile  within  the  dislocation  shows  a  much  higher  ovecall  energy 
compared  with  the  normal  wake  profile,  and  shows  a  large 
maximum  at  the  wake  centre,  rather  than  the  two  pealu  (associated 
with  the  two  rows  of  vortices)  at  the  sides  of  the  normal  laminar 
wake.  At  this  point,  we  can  sec  that  the  character  of  the  change 
from  the  laminar  wake  to  that  wake  involving  the  dislocations  is 
very  similar  to  the  cnangc  from  the  laminar  wake  to  the  imtural  3-D 
transition  wake  found  earlier  in  Figure  3(a).  Further  downstream  at 
x/d“80,  Figure  7  shows  that  the  fluctuations  in  the  path  of  the  large- 
scale  dislocation  structures  becomes  almost  an  order  of  magnitude 
larger  than  those  in  the  normal  laminar  wake  ! 

A  further  comparison  of  wake  velocity  fluctuations  in  Figure  8 
shows  that  the  large  fluctuation  energy  found  for  the  wake  profiles 
in  the  previous  Figure  7  is  directly  associated  with  the  growth  of 
low  frequency  oscillations.  These  oscillations  are  at  a  beat 
frequency  and  correspond  with  the  periodic  passage  downstream  of 
the  large-scale  vortex  dislocations.  It  can  be  seen  again  that  there  is 
a  similarity  (Figs  4  and  8)  between  the  effects  of  these  forced 
structures  and  the  effects  of  natural  transition  where,  in  both  cases, 
the  large  oscillations  arc  due  to  low-frequency  vortex  dislocations. 

Other  comprehensive  details  and  measurements  concerning  the 
influence  of  vortex  dlsloatlou,  primarily  for  the  forced  case,  have 
been  included  In  Williamson  (1991c),  and  where  in  particular  they 
have  an  effect  on  the  natu*?]  3-D  transition  process,  such 
dislocations  arc  discussed  in  detail  in  Williamson  (I99ld). 


4.  CONCLUSIONS 

The  present  work  shows  that  the  natural  three-dimensional 
ttansition  in  the  wake  of  a  bluff  body  involves  not  only  die  two 
different  modes  of  shedding  whereby  small-scale  streamwise  vortex 
structures  arc  formed,  but  also  involves  the  formation  of  vortex 
dislocations,  which  can  grow  downstream  Into  much  larger-scale 
’’spot-like”  structures.  These  dislocations  are  responsible  for  the 
large  low-frequency  oscillations  in  the  time  traces  of  velocity 
fluctuations,  and  for  the  much  slower  decay  of  turbulent  energy  as 
the  wake  travels  downstream,  as  compared  with  a  laminar  wake. 

The  character  of  the  3-0  transitional  wake  involving  natural 
dislocations  is  found  to  be  dirtinctly  similar  to  that  of  a  wake 
involving  passively- forced  dislocations  Induced  by  a  small 
disturbance.  These  similarities  arc  evident  both  from  flow 
visualisation  and  from  measurements  of  wake  velocity. 

It  appears  that  there  are  similarities  in  the  occurence  of  vortex 
dislocations  in  the  natural  transition  of  the  wake  with  those  stuctures 
which  arc  to  be  found  in  the  free  shear  layer,  and  it  seems  that  such 
stnicturcs  play  a  not  insignirtcant  part  in  the  process  of  3  D  turbulent 
transition  in  shear  flows  In  general. 
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Abstract 

The  transition  to  turbulence  m  the  wake  of  a  nominally  two-dimenstonai  circular 
cylinder  la  studied  numerically,  through  direct  simulation  of  the  three-dimensional 
Navier  Stokes  equations  using  a  spectral  element  method  The  computations  are 
conducted  lor  three  represontatjve  Reynolds  numbers  Re-300, 333  500  It  is  found 
that  the  transition  process  consists  of  a  succession  of  penod  doublings  At  Reynolds 
number  300  the  first  period^oubling  bilurcaoon  has  occured  At  Re-333,  a  second 
penod  doubling  bifurution  has  oocured,  whereas  at  Reynolds  number  500  the  wake 
has  become  cheotic  The  occurence  of  the  period-doubling  brfurcaiions  b  only 
possMe  in  a  flow  with  three-dimensional  structure,  because  ol  the  coexistence  of 
diferent  accessible  flow  states  with  symmetnc  spanwiae  siructurea  It  ta  proposed 
ihai  penod-doubling  is  a  natural  route  to  chaos  tor  nominally  two-dlmensfonai  flows 
with  an  absolute  instability  mechansm 


2  Numtricil  MMhod  ind  Rttultt 

We  consider  an  incomprsssibla  flow  of  speed  past  a  cylinder  of  diameter  D 
the  lunemabc  viscosity  of  the  fluid  is  v  The  system  ol  coordinates  has  its  x  axis 
parallel  to  the  stream  its  t  axis  parallel  to  Ay#  span,  and  its  y  ax»  petpendiculiir  to 
the  other  two  The  governing  equabons  are  three-dimensional  Navier  Stokes 
v>d  conbnuity  equations,  wntten  m  the  following  non-dimensional  form 

^*N|«).-Vp.*-'vG  (I, 


Vv.O  0) 


1 1ntroduction 

Sheared  flows  away  from  no-sbp  boundaries,  such  as  wakes,  jets  and  free  shear 
layers,  are  often  rolorred  to  as  ‘free*  shear  flows  Because  of  tho  inflecttonal  form  of 
thee  basic  velocity  profile,  such  flows  are  strongly  urtsiable  and  undergo  iransibon 
mio  Sjrbulence  at  relatrvefy  kjw  Reynod  numbers  (considerably  lower  tftan  say. 
shannal  flows)  The  wakes  of  bluff  obiects  tn  particular  are  known  to  undergo  a 
iranaitlon  m©  Sirbulence  m  (he  Reynolds  number  range  200-400  (Bloor,  1064)  ft  is 
at  the  l«eer  part  of  the  range  (fleynoldi  number  around  200)  that  three- 
dment«na(iiy  also  appears,  so  expenments  suggest  there  is  dear  relation  between 
iha  two  Additional  indirect  support  lor  iha  rdaiion  has  been  provided  by  two 
dmeneional  numerical  simuUtons  which  shmv  m  the  same  Reynolds  number  range 
pertodc  vortex  sheddmg  it  appears  therefor#  that  thnse^jimensionabty  somehow 
tiggers  the  transition  into  turbulenoa,  and  ew  two  key  quasbont  are  (e)  how  the 
•iree^mtnaionality  is  initialed  and  (b)  how  the  three-dimensionality  triggers  the 
Vanaitlon  proceu 

In  reoent  years  •!  has  been  demonstrated  that  a  batiar  conceptual  description  of 
vortix  Wakes  ttan  tha  dasscal  arrary  of  pomt  vorttcaa  is  tfiat  of  a  wave  of  vorboty, 
suftamed  from  a  hy«*odynsm«  instabibty  of  Iht  flow  (Koch.  1 985,  TnanlifyBoo  et  al , 
1986,  Monkewitz  and  Nguyen.  1907.  Hanneman  and  OsrisI,  1969.  Kamiadak*  and 
Tnantafylloo,  1969)  By  considering  an  instability  around  tha  mean,  ratfier  than  an 
mioal  stats,  the  concept  can  bs  used  even  for  lurtwlent  wakes  (Tnantafytiou  tt  al 
1906)  As  the  instability  of  a  twxHmansional  mean  flow  mvinady  creates  tvro- 
dmensional  flow  states  (Tnantafylloo,  1990).  It « reasonable  to  seek  #»e  source  of 
tfvee-dmenstonaliiy  in  a  secondary  mstabSiiy  of  tha  saturated  twcHfimensionat 
vortex  sbeei  More  tptcrfically.  tha  saturated  two-dimensional  vortex  street  a  stable 
to  twodMTienslonal  perturbabons  In  tha  ReyndCb  number  rang#  200-500.  as  k  can 
ba  mferred  from  nearty  parted  per*odc  behavour  prodded  by  two-dmensiond 
simulatloni  it  btoomea  however  unstabte  to  tfiree  dimensionaJ  perturbations,  once 
a  certain  cntfcal  value  of  tfi#  Reynddi  number  is  exceeded  TWe  has  been 
demonsealed  numencafly  by  KamiadaUs  and  Trwntafyilou  1990.  tftroggh  duect 
numerical  simulabon  of  6*  threa  dmenaional  Navier-Stokea  equations  The 
Reynolds  number  value  tor  the  omet  ol  tfie  seoondary  i>wiab>Hiy  was  found  to  be 
around  200.  in  agreement  with  ei^ertmentsl  observatonc  about  tha  appeamce  d 
tvae-dmansionality  (Wiiamson,  1989)  Tha  seoondary  instabilrty  of  the  wake  is 
»iarefort  simisr  to  the  ones  observed  In  other  flows  (sea  for  example, 
Pierrehumbert  and  Widnal,  1961 ,  Orszag  and  Paiari.  igc3).  but  with  the  important 
dfleranoe  that  the  fmsi  threiKtiniensionai  asymptobe  etate  created  by  the  secondary 
instabOiiy  Is  periodic  In  ime  (wbeh  ■  not  ahvays  tw  cue  wtti  tha  o»iar  oM 
studi^  Wa  may  cenduds  tiaralore  »at  aftr  tha  upsvance  of  tfvee- 
dmanalonaltyaddWonsI  bAircabcno  are  lequred  to  render  the  wake  turbulent 

The  purpose  of  the  present  study  le  to  report  on  a  numancal  study  of  the 
tranettion  prooaw  In  a  two-dmenamnal  wake,  which  can  be  considerad  m  a  case- 
study,  with  potonttalaxtonsiono  toolbar  free  thaar  flows  Tha  main  ksuaswhidi  are 
dtocuased  here  are  (I)  the  route  to  turbdance,  la  whetoar  it  follows  any  of 
so-calM  *univeisa(  rouiaa'  to  chaos,  and  (k)  why  oecurenca  of  those 
dfurcationa  la  lied  to  toe  three  dknenaional  structure  of  toe  flew 


where  R  x  U^Dfv]  a  toe  Reynolds  number,  v  a  toe  velocity  vector  (non- 
eimensionslited  with  respect  n  l/^,  p  toe  non-dmenaionsi  preuure  snd  toe 
operator  N  is  deflnad  u 

*  V{vv))  (3) 

The  Nsvier-Stokaa  equabons  have  been  wntten  in  toe  abowi  form  for  better  aliasing 
control  (Honub  1967) 


Figure  1:  Top  Perspeolve  view  of  toe  oomputatlonal  domain  Bottom  Special 
dement  meeh  used  for  toe  r-ourfer  modes 


The  compuia&onal  domain  is  shown  in  figure  1  The  upstream  boundary  bae  at  a 
datonca  of  six  radii  from  toe  canter  of  toe  eyindar;  too  (townatraam  boundary  at 
iwantyfivt  radif  Tha  side  boundaries  ara  twafva  radfi  apart  and  toe  tpam^ 
dmenelon  wu  token  to  be  equal  to  pi  (*3 14  )  radi  At  toa  upatraam  boundary 


unitemi  flow  condibont  art  wh«r««  ai  tt>t  dowr«iraam  boundary  mixad 

NaumanrWiaeous  aponga*  (TomboubdN  at  al  1001)  boundary  condibont  ara 
implamaniad  to  ahminaia  apuriout  numaneai  imubiiiiMS  At  tho  other  two 
boundanat  panodioty  condibona  ara  aaaumad 

in  tha  tpanwiaa  diracbon  bacauta  of  tha  homo0ar>aity  of  tha  saometty  wa 
aipand  tha  valooiy  and  praaa ura  liald  mio  a  Founar  aanaa  Each  coatticiant  of  Oia 
•anas  «  a  funr*':"  of  x  and  >.  ■  sohad  lor  using  a  spaciral-aWmant  mathodology 
(Foradtia  tion  of  spaciral  alamanti  saa  Patara  1064  Korcjak  and  Patara.  i066 
and  Kamtadakts.  1969)  Sxiaan  Founar  modaa  wara  usad  in  dia  spanw»# 
diracbon,  and  thirty  tour  spactral  alamants  widi  siidi  and  aight  ordar  mterpoiants 
With  this  choica  of  paramatars  tha  raquirad  CPU  bma  on  a  sngia  procaasor 
CRAV  y/MP  was  typtcaJly  two  saconds  lor  aach  Oma  stop  Smoa  aach  pariod  of 
vodax  shadding  consalad  of  about  795  bma  stops,  raachmg  tha  atyptobc  stata  of 
tha  flew  raquirad  savor  al  hours  of  CPU  tirna 

In  ordar  to  study  Oia  dansibon  procaM.  tha  flow  was  oompuiad  at  thraa 
raprasantstfva  Raynofds  numbars  300,  3^,  and  600  Tha  first  two  Raynoids 
numbars  lia  ai  tia  ranga  t\at  aiparimanti  hava  oharaciarUad  aa  Vansibonal*, 
wtiaraaa  Via  tiiid  RaynoUi  numbar  lias  n  tha  ranga  that  axpanmanis  characiMza 
aa  *turtiulanr  Thus  Via  idaa  is  to  oonfim  Viai  avan  irt  a  parfaetly  two-<Smansiortal 
gaomairy  (tika  Via  ona  of  figura  t)  Via  waka  wifl  ba  bjrbuiant  at  Raynoids  numbar 
around  900.  and  to  obsarva  soma  tfiaractsrisbc  mtormadiats  stagaa  of  Via  Vansulon 
to  bjrbuhanca  prooass  AlViough  oompuiabon  of  Via  flow  at  many  mora  Raynoids 
numbars  would  idaaity  ba  dasirsbia.  Via  anormous  amount  of  raquirad  computation 
and  practical  hmtabons  of  oomputar  rasourcaa  lad  to  tha  abova  chotca 

At  aach  Reynolds  numbar  tha  two-dvnantional  vortax  svaai  was  computed  *irsi 
snd  (hraa-dimansiorkal  noisa  was  subsaquanby  introducad  to  biggar  tha  saoondary 
instability  of  Vw  vortax  straal  (which  •  praaani  altar  Raynoids  numbar  200)  Then 
the  cofflputason  was  earned  out  over  savaral  panods  of  vortax  shadding  and  power 
spaeval  dsnstbas  of  flia  valocfty  fluctuabons  wara  usad  to  charactanza  tN^  romporai 
bahaviour  of  Vm  flow  Svaamlmaploti  wara  usad  ta  study  tha  spa'  svuctura  of 
tho  flow  As  mantionad  in  Via  mtroducson,  for  Raynoids  numhtrs  cfosa  to  200  tha 
flow  asymptobcaly  aaidaa  nto  a  thraa-dimanoiorvil  osciMtIon.  which  Is  psioiAc  in 
bma  (KarmadM  and  Trfantafylou.  1090)  ^  Via  saquanoa  of  Raynoids  numbars 
oonsidarad  hara  howavar  Vw  fmal  asymptobc  stata  m  Vw  wifca  axtubitad  an 
incraanngly  oomplai  barwviour,  which  baeama  chaobe  at  Raynoids  numbar  SOO 


r 


Mora  tpacificj"y  al  Reynolds  numbar  300  a  panod-doubl/ig  bifurcation  occurad 
mora  visibit  m  tha  spanwita  vebofy  componant  This  can  ba  seen  in  tha  spectra  of 
the*  velocity  lluctuiiions  m  the  near  wake  (figure  2)  Then  at  Reynolds  number  333  a 
seoor>d  period  doubling  followad  (figure  3)  Finally  when  the  Reynolds  number  was 
further  increased  to  500,  broad-band  spectra  wore  obtained  mdicabve  of  a  chaobc 
twhavlour  (figure  4)  Al  Vus  Reynolds  numbar  bma-Vacas  of  tho  velocity  bacoma 
ahodte,  wiVi  IntarminDni  partods  of  organized  mobon  (figura  5)  Figures  2  3,  and  4 
show  Via  spacia  of  tha  velocity  fluctuabons  of  tha  same  point  in  Vw  rwar  wake  for 
Vw  Virat  valuaa  of  Via  Rayokts  numbar  (Similw  bahaviour  is  observed  m  any  other 
lecabon  in  Vw  computational  domam)  Figures  2, 3,  and  4  suggest  therelora  that  (ha 
now  In  a  two-dlmanslonal  waka  tolowa  Vw  panod  doubimg  route  to  jhaos  How 
oioaaly  does  Via  saqiwnca  of  padod-doubtings  fodows  tha  univarsal  route  as 
dasenbod  by  Faigenbsum,  1978,  it  whether  a  completa  cascade  of  period 
doublings  occurs,  and  whattwr  Faiganbaums  (1978.  1979)  scaling  laws  are 
sabsfiad,  >s  a  question  Biat  can  not  ba  answered  baaed  on  the  numerical  results 
presanlad  hare  In  fact  Via  required  amount  of  oomputabon  for  a  systematic 
mvastigabon  •  so  large,  Viat  it  saama  unbkaly  that  H  wil  ba  performed  m  Via 
immadwla  fubi.a  ft  a  however  a  vary  miaresbng  fundamental  quasbon  and  a  real 
challanga  lor  furV  wr  research 


Figure  2:  Power  apectrai  dansMy  of  Vw  spanwtia  vetocfiy  oompontnt  (i^).  and 
Vw  sVeamwlaa  vafoc%  oomponant  (bonom)  In  Vw  near  waka  «  Rew300  Tha 
preaanoa  of  Vw  subharmemc  is  vfaMa  m  both 


Figure  8:  Power  spadral  density  of  tw  thraa  vatedly  oemponants  at  fla-333 
From  top  to  bottom  tw  thraa  oomporwmi  u.v.w  A  aaoond  subhvmonic  a  praaant 
(oorreaponding  to  four  tfmas  Vw  Svouhtf  pariod) 
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Flguf*  I;  Typtc^  B/m-Wc*  ol  th*  BlwimwlM  vBtocity  compon«nl  •!  F»»-500 
iiNbittne  ot^nind  b»<wv«»ur  in»rehano«J  wuh  IniBfvtIi  ol  farvJom' 

tehamur 


3  DItcuuion 

Our  tnt»rpr»3on  th*  pariod  doubling  bihxcab&n  tvliM  on  Bm  comldaraBon  of  B>« 
ooolMoiy  pan  of  Bt*  flow  u  Bm  ntUMitjf  mod*  of  Bw  im*  tv*r*g*d  pan  ol  B>a 
flow  Ohm  th*  Mcondary  inattbtitiy  ha*  b**n  BfQoarad  and  Bw  wak*  itttloi  iniD  it* 
Bv*o<lin*mlonaf  mod*  ol  aaff-oaolaBon,  Bt*  Bm*-av*rae*  flow  acduv** 
modulaBooa  along  th*  apanwia*  dirocdon  W*  can  B>*n  Bank  ol  Bto  fluctuabng  part 
of  Bw  flow  a*  Bw  abMfut*  inataMffy  mod*  of  Baa  moduiaM  Bm*-av*rag*  flow  l^or 
a  alowV  varying  modulabon  of  B>*  Imo-avang*  flow,  a  guanatativ*  way  to  r*pr***ni 
iia  apamin**  modulation  a  by  piotBng  at  *ach  location  Bw  growBi-rat*  ol  B^*  local 
iwo-dlm*naional  perturbation.  «ay  c»,<i)  Tha  wil  hav*  a  variation  wiBi  i  kk*  Bw 
ourv*  (0)  in  figur*  8  Than  It  can  b*  ahown  (Tnaniatyllou,  1M0}  Btat  B>*  apanww* 
ainxtur*  of  Bw  instabfiiy  modi  »  rolawd  to  B«i  of  Bt*  lm*-av*rag*  flow  m  B>* 
mann*f  akaicfwd  in  flgur*  8  Th*  inaiabllliy  mod*  (curv*  (a)  m  figur*  8)  ha*  twio* 
Bw  wav*l*ngBi  of  curv*  (0)  and  Bw  maximum  tpanwa*  inebnation  in  abcoiui*  vtlu* 
oocui*  whar*  »,<r)  has  a  maximum,  likawia*,  2*ro  apenwis*  mefnabon  oocura 
wh*f*  •,<!)  ha*  a  minimum  Th*  juaBKcation  •  ba*ad  on  Skiuir*’*  Bansformation 


Flgtw*  4:  Pow*r  Bpaetal  dtnaity  of  Bw  Bir«*  v«loc<ty  oompon*nts  ai  R*.500 
mtellv*  of  a  cfiaeic  behaviour 


Th*  ported  doubing  brfurcabon*  are  po**liil*  only  Irt  a  B)r*»-dm*n*tortaf  New. 
sine*  lwd<lim*n*ionai  almiialion*  show  al  Bm  rang*  of  R*ynoldi  number*  a 
pariode  behaviour  Th*  reason  tor  B«  ***m*  to  be  Bial  for  a  grv*n  Baynofd* 
number  In  tf  BitoSiflonal  regim*  aeveral  BiraesfimerMtonal  ttoto*  ar*  potsibla  wfBi 
dlterant  iparwrisa  structure,  and  Bw  flmv  can  altomato  beiwaen  Btem  mutating 
(doubing,  quaduptmg.  etc )  its  period  Th*  prooe**  of  physically  idenefying  Bi#  flew 
stato*  Biat  alow  to*  suooeesion  of  period  doubling*  d  nof  an  aasy  tub  in  th*  next 
•eotien  w*  dscus*  Bw  phyeica  of  to*  feat  parted  doubing  bNurodlon.  wNch  can  be 
oonaUered  to  be  Bw  most  signMoani.  sino*  II  iratlato*  BansNtan 


nguft*!  8toid>efBi#«panwt***Buclureofator**-dm*n*londwto(*  Curve 
(0)  vailtoton  of  toe  local  gnMvto  rale  of  Imtodlr.ieneional  perturbation*  wtto  i 
Curva*  (a),  (b)  Spanwd#  ktructora  ol  to*  two  posstol*  Instabikiy  mode* 
•torraapondng  to  to*  Nma-avarage  low  wfto  curv*  (0) 
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Wt  riott  that  (ha  vanason  of  u/[i)  ta  foBonvtd  vary  cfoaafy  by  tha  variation  of  m 
ooffiponant  atong  tha  oaniarlina  9iut  a  numartoal  confirmation  of  tha  anaiyacal 
argument  (data  from  Kamiadaka  and  Tnantafylou  IMO  for  Aoynoida  numbar  225} 
otn  ba  aaan  m  fifiura  7  whara  tha  apanwiaa  vartaoon  of  tha  tima  avaratja  and  tha 
•uctuaims  partf  of  h  ara  plonad  Tha  tact  that  tia  fluctuatmfl  part  of «  hai  iwioa  tha 
apanwiaa  wavoleriQth  of  dia  oma-avaraQad  part  fa  daarly  aaan  Moraovar  ffia 
maxlmien  apanwiaa  mdinatton  of  tha  fluouaang  flow  oooun  indaad  whara  tha 
avoraga  flow  «  moat  nagatrva  and  «/t]  hai  maralora  a  mantmuin  ta««waa  tha 
aiopa  of  tha  fluctuating  part  of «  la  zam  whara  tw  ivaraga  « la  iaaat  nagatrva.  and 
tg^<i}  haa  ffiarafora  a  minimum  Tha  argumant  of  tm  pravioua  paragraph  datolbaa 
oorrady  tia  raiabon  batwaan  tw  apanwiaa  ibuctura  of  dia  bma-araraga  and  dta 
fluctuating  pan  of  dia  diraa-dimanaional  flow  in  tha  waka  It  tuma  out  that  dwa 
rala&on  H  cruaai  lor  d>a  oocuranoa  of  panod-doubtmg  bilurcaDona,  aa  dwcuaaad 
balow 


wid>  dw  fact  that  iwo<fimanalDnal  aimufabona  pradwt  a  parfodic  vortax  atraal  lor  dtis 
Raynolda  numbar*  ranga  Moraovar,  tha  two  alataa  m  Kgurt  8  diffar  only  in  tha  aign 
of  tha  apanwiaa  valoaty  componant  w  Whan  aiaia  (a)  haa  poaitfvc  w.  atata  (b)  haa 
nagabva  w  and  vra-vaca  Conaaquandy.  in  a  *phaaa-tpaca*.  whara  tha  two  alataa 
(a)  and  (b)  ara  rapraaantad  aach  by  ona  ^aad  tra^tory.  tha  two  traiactonaa  ara 
aymmamc  around  tha  ivnO  plana 

Numarical  ponfirmadon  of  d>a  praianoa  of  tha  two  ataiaa  at  RaynoMa  numb«  300 
can  batt  ba  mada  by  plotdng  dta  tajactory  In  tha  *phaaa'«poo«‘  Thia  a  dona  in 
figura  «,  whara  dta  two  oonnaclad  tnyactorlaa  can  daarly  ba  aaan,  conalaiandy  v  ih 
dia  argumant  givan  abova  Wa  noia  that  at  Raynofda  numbar  225.  whara  tha  pahod 
doubbng  haa  r>ot  ocairad.  d^a  pha^a-apaca  ptoti  oontaina  only  ona  of  tha  two  curvaa 
{aaa  KarruadaKia  and  Tnantafyllou.  1090)  Tha  raaaon  a  that  although  both  alataa 
ara  poaiibla.  only  ona  of  tha  two  can  ba  raaiizad  Tha  two  tra^onat  intarsact  at  a 
llniia  anglt.  ao  tha  ayatam  would  rtquira  inllniia  acoaiaration  n  ordar  to  awilch  from 
ona  to  tha  othar  Wa  can  infar  tharafora  dial  dta  ftrat  panod  doubling  oncuri  whun 
dw  two  didactonaa  ’marga‘  at  tha  pomta  whara  thay  both  miaraact  tha  i»«<}  plana 
forming  a  afngla  ir^aciory  with  iwna  dia  panod  Thu  ‘margmg'  hara  h-aana  dial 
thay  uodi  baooma  tangw..t  to  dia  plan#,  allowing  dia  ayatam  to  awilcfi  from  ona 
daraciory  to  dia  odiar 


V 


Figura  I.  *Phata  apaca*  plot  of  (a-v^w)  at  Rt-dOO,  ahowfng  tha  praaanca  of  two 
ataiM  in  dw  flow  (tha  two  connacaad  da^actortai) 


naur.7-  Top  Sp«,*«  v»i«IK!0  Pi  M 

•!  "p-ja  (»“  '*>**^  •PPM'"*'"  ^  “O'"  '' 

Spmk.  »«•»«>  ol  *»  «“«“«"«  tWPnwM  «PlPPl»  c«ppo~>.l  «  Rp-SHS. 
flonfcnww  d»  diaorafcol  ratult  oUgura  « 


Bacauaa  ol  dia  aymmady  of  dw  flow  to  rctttlooa  In  dia  *-y  ptena,  a  aaeond 
toatabity  mod*  akatchad  aa  arrva  (b)  m  figura  8).  •  poaaibie  for  tha  aana 
dma^ar^  flow  (0)  Modi  (b)  la  idantical  wfdi  moda  (a),  axctpi  dial  at  aaefi  point 
dwy  hava  apanwiaa  indinabona  of  oppoalta  algna  Tha  ta«  thtl  Ihara  ara  two 
poaaibla  irwttbiHty  modaa  of  dia  oma-avaragt  flow  auggaati  dial  diara  art  alao  two 
poaalbla  atymplottc  ataiaa  lor  fi#  How  Wa  aaauma  dial  dt#  two  aaympteac  ataiaa 
Ml  hava  a  atoilar  apanwiaa  aductora  aa  tha  curvaa  (a)  and  (b)  akalchad  in  flgwa  8. 
ddiough  rKd  fiaoaaa»«y  tot  ppd*<%  dinuaoidaf  aa  Ihaaa  torn  curvaa  &nca  Ihara 
va  two  tnalriM  flow  stoiM,  dia  flow  in  tha  waka  can  afiamaia  batwaan  tha  two 
doubling  its  panod  In  physical  ipdot.  dia  flow  wllpfoAiea  a  ronwhlamant^typa 
(a),  than  ona  Sdouhal  parfod  tetar  wll  produoa  a  Namant  of  fyoa  (hi  amjdv 
SmMM  panod  latar  a  fHamani  (a)  wi  appaar  again  and  ao  on  Tha  dma  frat 
atapaad  bawraarv  two  (a)  Nwnanti  ia  tiaratora  Moa  tw  Sdouhal  panod  Wa  nota 
that  for  a  two^manaienal  flma-avraga  Bow.  tha  only  poaaibto  fllamanta  ara  adarght 

fciaa.  ao  ptfloddoobflftg  can  not  occur  according  to  tha  awnario  TTHa  »  conalaiant 


Tha  axpMnabon  for  dia  raat  of  tha  parted  doitolnga  ia  not  known  currandy  Ona 
coutd  ipacuMta  of  couraa  dial  'aimiiaj'  aymmadtat  axial  which  aUow  tm  coaxatanca 
of  aavaral  rtataa  with  tfffarani  apanwiaa  airucturaa,  but  furthar  invaabgation  is 
raqufrad  to  idantify  thoaa  siatH  (Intaraaungfy.  in  a  raoani  study  Nuts  at  al .  1M1. 
hava  axpanmanially  obaarvad  a  caacada  ci  ported  doubnnga  m  tm  waka  bahmd  a 
wbraflng  nonuniferm  cyfindar,  diaif  flow  wauaknbon  lachniqira  ahowa  indaad  di# 
awt^ng  batwaan  Mvaral  diffarant  flow  ataiaa,  which  aaoma  to  auppon  dia  rntultlva 
argumant  givan  hart)  Tha  unambiguous  conduawn  dial  can  ba  drawn  howavar  is 
dial  in  a  nomwdly  two^imanaional  waka  ihraa<limanttenalty  trfggara  transition  by 
opandig  fia  routa  to  partodctoubiing  It  aaama  Harafera  raaaonabla  to  antidpaia 

d«t  pahod  doubldig  te  dia  nsMii  route  to  ehaoa  for  othar  (wo-dmanalonai  flows  with 
«i  absolute  IcateMity  machantem 
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ABSTRACT 

The  subility  of  two-dimensionil  helium-iir 
jets  has  been  investigated  expenmentilly.  Velocity 
fluctuation  spectra  and  Schlieren  images  show  that  the  jet 
IS  absolutely  unstable  in  derinite  ranges  of  velocity  and 
rauo  of  jet  to  ambient  fluid  density  S.  A  fued  frequency 
IS  associated  to  the  lower  range  of  veloci^  and  no 
scaling  with  the  jet  parameters  could  be  found  for  this 
case.  In  the  higher  range,  the  frequency  of  the 
fluctuations  scales  with  the  jet  velocity.  The  absolute 
insubility  disappears  when  S>0.2,  a  limit  which  is  far 
from  the  predictions  of  stability  theory.  Visualizations 
confum  the  development  of  strong  side  jets  when  the 
flow  becomes  absolutely  unstable. 

AIM  OF  RESEARCH 

If  the  concept  of  absolute  or  convective 
instability  is  not  new,  the  search  for  conditions  under 
which  shear  flows  such  as  jets  may  actually  become 
absolutely  unstable  hu  only  been  undertaken  in  the  past 
few  years.  The  ideas  are,  for  instance,  described  in  the 
book  on  Hydrodynamic  Stability  by  P.G.  DRA21N  A 
W.H.  REID  (I)  rust  published  m  1981  but  no  concrete 
examples  of  absolutely  unstable  flows  are  given. 

The  first  suggestion  that  jets  less  dense  than 
the  ambient  fluids  are  absolutely  unstable  wu  made  in 
1985  by  HUERRE  and  MONKEWITZ  (2).  Since  then 
inviscid  parallel  flow  computations  for  variable  density 
jets  by  MONKEWITZ  and  oowurkers  (3,4)  have 
demonstrated  that  round  u  well  as  plane  jeu  can  be 
absolutely  unstable  when  the  density  ratio  S^pj  /  ts 
less  than  the  critical  values  respectively  equal  to  0.7  and 
0.95.  The  other  control  parameter  in  their  compuutions 
IS  the  thickness  of  the  shear  layer  6„. 


Experimental  evidence  of  absolute  instability 
in  axisymmetric  jets  was  provided  nearly  at  the  same 
lime  as  the  theory  by  SREENIVASAN  A  al  (5)  or  shortly 
after  by  MONKEWITZ  A  al  (6)  and  by  RIVA  A  al  (  7,8). 
The  three  experiments  demonstrate  that  in  certain  ranges 
of  S  and  S„  the  power  spectra  are  line  dominated  u  is 
expected  when  the  flow  is  absolutely  unstable  since  it 
should  then  behave  as  an  oscillator.  They  also  reveal  that 
as  a  consequence  of  absolute  instability,  strong 
inlermitlent  side  jets  may  be  generated.  Theie  are, 
however,  differences  between  the  experimental 
observations  mainly  about  ihe  critical  Reynolds  number 
above  which  absolute  instability  may  occur  and  about  the 
critical  value  of  the  density  ratio  S.  Furthermore  in 
reference  8  it  wu  found  that  for  a  given  S  there  ate 
several  absolute-convective  transitions  when  the 
velocity  is  increased,  suggesting  the  existence  of 
several  distinct  regions  of  absolute  instability  in  the 
S,Re  (  or  5,  )-plane,  a  feature  which  theory  hu  not 
shown  so  fu. 

The  absence  of  any  published  experimental 
results  on  plane  jets  with  vuiable  density  hu  motivated 
the  pruent  investigation,  but  it  should  be  added  that  such 
an  experiment  is  also  announced  in  reference  4.  The  aim 
is  to  demonstrate  the  existence  of  absolute  instability  in 
this  flow,  to  determine  the  rangu  of  the  control 
pvameters  where  it  occurs  and  to  find  out  whether  side 
jets  do  also  exist  in  this  geometry. 

It  should  be  mentioned  that  variable  density 
jets  occur  in  flows  of  practical  importance  u  in  engine 
exhaust  or  in  combustion  where  the  density  difference 
may  first  be  due  to  the  different  nature  of  gasu  ( H2  and 
Oj  u  in  some  rocket  enguies  )  and  later  on  to  the 
temperature  difference. 
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APPABATUS  ANn  FI.OW  rONDlTIONS 

-  Jet  ■:<  slot  width  d  variible  fiom  1  to  1 1  mm. 

-  Exit  velocity  t  Uj 
Reynoldf  number  bated  on  the  initui  jet 
vitcotity  f  Re  =  Ujd/u^ 

Most  meuurementt  were  obtained  in  the  following 
conditiont  -  Slot  d  =  3.7  mm 

•  aspect  ratio  13.3 

-  End  plates 

-  7i  <  Uj  <  20  m/t 
Nozzle  contraction  ■:  28 

-  Vorticity  thickness  <  ■  8.8  Re‘'® 

nondimentionalized  by  d/2 

;•  Turbulence  level  at  exit  0  0.16% 

No  forcing  is  applied 

20  checks  showed  mean  velocity  variations  m 
mid-plane  of  lest  than  0.4% 

>:  Density  variations  are  produced  by  concentration 
changes  of  air-helium  mixtures  ( the  ambient  fluid  is  air). 
The  mixtures  are  produced  via  a  set  of  calibrated  sonic 
throats. 

-  Measuremenu  :  microphone  ( dia  ■  10  mm  at  x^O 
and  ysl20  mm  )  and  hot  wire  anemometers;  IS  bit  A/D 
conversion:  spectra  computed  with  1024  points, 
averaged  over  8  realisations.  For  all  reiulu  presented  tn 
this  paper  the  probe  ww  locited  in  the  mid-plane  of  the 
nozzle  exit  (  xaO,  ysO  ),  therefore  it  is  sensitive  to  the 
velocity  fluctuations  only.. 

'-  Vizualisations  -i  Schlieren  method. 

results 

Probe  iBlcrfcreBcc  effects 

Microphone  measurements  with  a  probe  and 
without  probe  in  the  same  flow  show  that  interference 
effects  are  small  (  Fig.  2  )  £  the  frequency  of  the  main 
spectral  peaks  is  unaffected.  In  some  instances  there  may 
be  a  small  influence  on  the  signal  level  of  the 
perturbations.  Figure  7  shows  spectra  from  a  hot  wire  and 
from  the  microphone  meuured  in  same  conditions.  It  is 
seen  that  the  spectra  from  the  two  signala  resemble  each 
ether  very  closely;  in  particular  the  same  peaks  are  found 
on  both  and  occur  at  the  same  frequencies.  In  order  io 
reduce  the  noise  level  the  microphone  signal  was  filtered 
between  100  and  900  Hz. 

Abaolutc/cotivcctive  lasubllliy  la  helium/ 
air  JeU 

Figure  1  shows  hot  wire  spectra  in  the  pure 
helium  jet  (  S>0.14  )  and  in  the  air  jet  at  tame  Reynolds 
numbers.  The  strong  oontrut  between  the  spectra  is 


evident ;  there  are  sharp  peaks  of  high  level  in  the  helium 
jet,  characteristic  of  absolute  instability  and  low  level 
broad  peaks  in  the  air  jet.  Note  that  the  peaks  are  at  least 
two  orders  of  magninide  (  even  four  orders  for  Res24S  ) 
above  the  neighbouring  level.  The  sound  emitted  by  the 
absolutely  unstable  jet  is  easily  perceived  directly  by  ear 
and  a  fortiori  from  the  amplifled  microphone  signal 
played  back  through  a  loudspeaker.  Video  recordings  were 
performed  by  illuminating  the  flow  with  a  flash  driven  by 
the  microphone  signal.  On  the  movies,  symmetric 
structures  which  develop  near  the  nozzle  are  observed. 
Since  these  initial  structures  are  perfectly  synchronized 
with  the  microphone  signal,  it  may  be  deduced  that  they 
are  responsible  for  the  high  sound  level. 

It  was  checked  that  the  absolutely  unstable 
mode  is  of  the  varicose  type  as  predicted  by  the  theory 
(4).  This  wu  done  by  comparing  the  signal  from  two  hot 
wires  placed  symmetrically  with  respect  to  the  mid-plane 
(  the  two  signals  are  in  phase  ).  This  is  alto  clearly 
shown  by  the  vizualisations  (  rig.6-7  ). 

Side  jets 

Vizualisations  of  Fig.  6  and  7  show  that  tide 
jeu  alto  occur  in  the  plane  jet  but  these  are  lets 
spectacular  than  in  the  round  jet.  Video  recordings  with 
sound  from  the  microphone  show  that  when  the  velocity 
is  increased  and  the  jet  becomes  absolutely  unstable,  the 
development  of  tide  jets  coincides  with  the  increase  in 
sound  level.  Hence,  tide  jets  are  concomitant  with 
absolute  instahtlity..  It  may  be  remarked  that  the 
development  of  the  tide  jets  coincides  with  the  lots  of 
coherence  of  the  initial  structures. 

Evolution  of  Instability  with  velocity, 
S.9.14 

On  Fig  3  which  displays  spectra  for  incrcuing 
velocity  the  following  observations  are  made  : 

-  There  it  a  sharp  transition  to  absolute 
instability  between  7.3  and  7.6  m/t. 

'  The  frequency  of  the  first  peak  at  about  230 
Hz  is  nearly  independent  of  Uj.  It  nearly  diaappeart  at  11 
and  13  m/t  and  emerges  egain  at  13  m/t  with  a  level  three 
orders  magnitude  above  the  plateeu, 

'  A  second  frequency  which  is  not  tn  harmonic 
of  the  previous  one  appears  at  11  m/t.  This  frequency  it 
nearly  proportional  to  Uj.  This  peak  reaches  alto  a  high 
level  at  Ujwl3  m/t.  Fig.  4  shows  the  evolution  of  the 
Strouhal  numbers  of  the  dominant  peaks 
(  S(  >  f  5a  /  Uj ).  The  curve  has  two  branches.  The  tower 
one  correqtonds  u>  the  fixed  frequency  fj  observed  at  the 
first  transition  of  the  jet.  The  second  one  shows  that  the 
higher  frequency  {2  of  instability  scales  very  well 


with  vorticity  thickneit  On  Fig.  5,  the  Sliouhtl 
number  bn  been  conqniled  with  the  tlol  width  d  Kik  fa 
compirtion  witlt  the  compuutiont  of  YU  A 
MONKEWrrZ  (  4  )  (  0i\„  =  (2n  f  d/2)  /  Uj/2  ).  The*e 
author!  have  computed  the  itabtlily  characteriatica  in 
terms  of  the  density  ratio  S  and  a  parameter  N  related  to 
the  shape  of  the  velocity  piofile.  N’*  is  proportional  to 
the  shear  layer  thickness  Sa.  In  th'  present  facility 
N  =  O.lSRe'A.  The  observed  tendency  for  fj  is  the  same 
u  in  the  reference  (  4  ),  but  since  the  results  given  in 
(  4  )  are  limited  to  S  >  0.7,  direct  comparison  with  our 
resulu  could  not  be  made.  The  opposite  trend  is  observed 
fa  f|;  when  Uj  is  increased.  Set  and  consequently  N'* 
deaease,  whereas  is  inversely  proportional  to  Uj  . 
The  observation  of  a  fixed  frequency  when  the  velocity 
inaeases  has  not  been  explained  at  the  present  time. 

Evolution  of  the  Instability  with  density 
ratio  S 

Spectra  for  mcreasing  S  at  constant  velocity 
UjScS  m/s  and  UjwlS  m/s  are  shown  on  figures  6  and  7.. 
Fa  Uj=8  m/s,  the  peak  in  the  spectrum  becomes  broader 
and  iu  value  drops  sharply  when  S  increase  bom  0.2  to 
0.22.  The  same  thing  occurs  to  the  main  peak  at  U^slS 
m/s  but  at  a  lower  value  of  S,  at  about  Ss0.16.  In  this 
case  a  new  peak  emerges  at  a  higher  bequency.  The 
frequency  of  this  peak  shifts  to  higher  values  u  S  is 
increued.  Since  the  viscosity  changes  with  S 
( U|^  "  )  the  shear  layer  thickness  at  the  exit  is  also 

affected  by  the  changes  in  S.  This  higher  bequency  mode 
scales  roughly  with 

The  transition  at  S  ••  0.2  is  also  very  clearly 
seen  on  the  relative  RMS  levels  (  Fig  8  )  of  the  two 
signals  :•  the  level  drops  by  a  facta  S  a  mae  through 
the  transition.  Since  the  flow  is  more  unstable  when  it  is 
absolutely  unstable,  one  it  templed  to  conclude  that  the 
transition  to  convective  instability  occurs  around  S  ■  0.2 
at  these  velocities.  This  does  not  agree  at  all  with  the 
theory  (4)  which  predicts  the  transition  fa  S  >  0.8S  fa 
the  values  of  8«  corresponding  to  the  present 
expaimenls. 

CONCLUDING  REMARKS 

Thae  clearly  are  several  poinu  of  disagreement 
between  the  present  experimental  observations  and  the 
results  of  the  stability  computations  of  YU  ft 
MONKEWTTZ  (  4  ).  The  real  flow  is,  of  course,  neiiha 
inviscid,  na  parallel,  nor  without  buoyancy  forces 
conffary  to  the  theory.  Even  if  jet  instability  is 
euentially  inviscid,  one  may  wonder  about  the  influence 
of  the  large  difference  in  viscosity  between  the  jet  and 
the  ambient  fluid  on  the  stability  characteristics.  It  may 


further  be  noted  that  while  the  theory  usurnes  the 
profiles  of  Uj  and  p  to  be  the  same  with  a  finite  shear 
laya  thickness,  in  the  experiments  with  different  gases 
the  p-profile  at  the  exit  has  a  true  discontinuity  but  not 
the  Uj-profile.  Effects  of  mass  diffusivity  are,  thaefore, 
large  in  the  initial  region.  These  differences  may, 
however,  not  be  sufficient  u>  account  for  the 
disaepancies  between  the  theory  and  the  present 
experiment.  For  the  latter,  this  raises  question  of  the 
ofuence  of  the  feataes  of  the  facility  on  the  observed 
results.  Some  experiments  have  already  been  performed 
in  ada  to  find  out  to  which  extent  the  present 
observations  depend  upon  the  particular  feanues  of  the 
facility  and  more  are  being  carried  out.  Changes  in  the 
supply  line  (  longer  tubing,  insertion  of  damping 
chamber  ),  experinienu  performed  by  discharging  a 
reservoir  (  without  use  of  the  sonic  throats  ),  changes  in 
the  inlet  to  settling  chamba  (  feed  through  a  porous 
plug  ),  runs  in  quieter  sunoundings  at  night  have 
produced  no  marked  changes  with  the  results  reported 
here.  The  acoustic  characteristics  of  the  settling  chamba 
will  be  investigated  next.  One  may,  howeva,  note 
already  that  the  frequency  fj  is  more  than  an  order  of 
magnimde  smalla  than  the  agan-pipe  resonant 
frequency. 
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Figure  4 :  Sitouhal  number  .S,  of  dominant  frequencies  versus 
Reynolds  number. 
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Abstract. 

Transition  to  turbulence  m  a  three-dimensional  com¬ 
pressible  boundetry  layer  over  a  semi-infmite  insulated  flat 
plate  m  studied  by  means  of  direct  and  large-eddy  simula¬ 
tions  Results  are  presented  in  quasi-incompressible  (Mach 
number  equal  to  0.5)  and  high  supersonic  (Mach  number 
equal  to  5)  cases,  both  in  temporal  and  spatial  configurations 
At  low  Mach  number,,  a  direct-numerical  simulation  shows 
that  the  fimdamental  mode  is  selected,  leading  to  the  peai- 
vaJ/ey  structure  found  by  Klebanoff  et  aJ.  (J  Fluid  Mech.,- 
12,  pp  1-34, 1962).  In  the  high  Mach  number  case,  no  direct- 
numerical  simulation  is  possible,  and  we  use  a  subgnd-scale 
model,  the  structure-fimction  model,  m  order  to  perform  a 
large-eddy  simulation  of  the  transition.  In  this  case,  the  sub- 
harraonic  rood*.*  appears,  giving  nse  to  a  staggered  pattern 
of  A  vortices 


Introduction 

The  study  of  supersomc  transitioning  and  turbulent  flows 
is  more  than  ever  a  current  issue,  both  from  a  fundamental 
point  of  view  and  for  technological  applications  such  as,  e.g., 
the  development  of  the  European  shuttle  Hermes  or  the  US 
National  Aerospace  Plane.  Compressible  boundary  layers 
have  been  studied  extensively  from  the  point  of  view  of  lin¬ 
ear  (Mack,  1969)  and  weakly  non-linear  stability  theory  (see 
eg.  Nayfch  and  Harper,  1989;  Masad  and  Nayfeh,  1990) 
The  first  stages  of  a  fui/y-controiied  transition  have  also  been 
simulated  numerically  (Erlebacher  and  Hussaini  (1987, 1990), 
Maestrello  e(  aJ.  ,(1989)  and  Thumm  ct  aJ  (1989)],  by  forc¬ 
ing  fhe  instability  in  a  deterministic  way 

We  present  here  deterministic  simulations  of  transition 
to  turbulence  in  the  boundary  layer  above  a  flat  plate,  both 
in  weakly-compressible  (Mach  0.5)  and  fast  (Mach  5)  cases 
Here,  we  study  conirolltd  transition,  where  the  instability  is 
excited  hy  the  superposition  of  a  deterministic  and  a  random 
perturbations  The  random  perturbation  is  three-dimensional, 
and  of  unplitude  small  with  respect  to  the  two-dimensional 
forcing.  This  is  a  more  correct  way  of  simulating  forced 


flows  in  the  laboratory,  where  a  residual  turbulence  is  al¬ 
ways  present.  We  solve  numerically  the  Navier-Stokes  equa¬ 
tions  in  a  boundary -layer  above  a  flat  plate,  with  the  aid  of  a 
direct-numerical  .simulation  using  finite-differences  methods. 
At  high  Mach  numbers,  the  simulation  requires  a  subgrid- 
scale  model 


2.  Numerical  method 


The  compressible  Navier-Stokes  and  energy  equations 
for  a  perfect  gas  are,  wnt,en  in  conservation  form’ 


^  ^ 

at  ~  dx'^'  dz 


With 


pu 

pv 


(2) 


the  fluxes  F,  G  and  H  being  computable  out  of  U.  Equa¬ 
tion  (1)  is  wntten  in  dimensionless  form  Lengths  are  non 
dimensionabzed  by  the  initial  (in  the  temporal  case)  or  inflow 
(in  the  spatial  case)  displacement  thickness  6*.  Reference 
values  for  velocity,  density,  pressure,  temperature,  and  vis¬ 
cosity  are  their  frec-stream  values  (indicated  by  a  subsenpt 
oo).  Specific  energy  e  is  normalized  with  respect  to  the  pres¬ 
sure  poo  The  Prandtl  number  Pr  is  assumed  equal  to  1,  and 
Sutherland’s  law  is  prescribed  for  the  viscosity  p  Af  is  the 
free  stream  Mach  number  and  the  Reynolds  number  Re  is 
based  on  £*. 

The  numerical  scheme  is  due  to  Gottlieb  and  Turkel(1976), 
and  has  been  previously  used  in  the  spatial  instability  study 
of  the  compressible  boundary  layer  over  a  flat  plate  by  Bayliss 
et  ai.  (1985)  and  Maestrello  et  al.  (1989).  For  the  otie- 
dimenrional  equation  ^  ~  '/here  F  =  F^V),  w  hav^ 
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V"+»  =  i 
'  2 


v;"  +  v;  +  ^(7  {FH-FT-,)- 


(3) 


denoting  by  V"  the  value  of  V  at  point  »Ax  and  time  nAt, 
and  with  F  =  F{V)  The  scheme  (3)  is  second-order  accurate 
111  time  and  fourth-order  accurate  m  space,  provided  F  does 
not  feature  derivatives.  In  the  presence  of  viscous  terms, 
first-order  derivatives  arise  m  F.  They  are  calculated  with 
the  aid  of  a  second-order  centered  scheme  and  the  global 
scheme  is  then  only  second-order  accurate  m  space 

For  the  temporal  calculations,  source  terms  must  be 
added  to  the  second  and  fifth  components  of  the  transverse 
flux  G,  so  that  the  laminar  state  becomes  stationary  Other¬ 
wise,  the  mean  flow  would  degenerate  into  an  error-function 
profile  This  would  have  no  physical  meaning  and  the  sta¬ 
bility  of  the  flow  v/ould  be  deeply  modified  (see  e.g  Spalart 
and  Yang  (1987) 

For  the  three-dime  .isional  equation  (1),  the  scheme  (3)  is 
used  together  with  operator  splitting,  with  the  same  global 
accuracy  Thus,  if  £«  is  the  onc-dimensional  operator  de¬ 
fined  by  (3)  (iC,  and  £<  corresponding  respectively  to  the 

equations  ^  ^  and  ^  =  *^),  wc  have 

=  C,  Cy  C,  C,  C,  17"  (4) 


Stretching  is  applied  in  the  y  direction,  normal  to  the 
plate,  in  order  to  improve  the  resolution  near  the  wail  and 
keep  the  upper  boundary  of  the  calculation  domain  at  a  suf¬ 
ficient  distance  from  the  plate.  At  the  wall,  no  slip  and  no 
heat  transfer  conditions  are  imposed,  i  e., 

u  =  tj  =  u)  =  0,'  ^  -  ^  •  (5) 

dy 

The  condition  for  the  pressure  is  derived  from  the  second 
component  of  the  momentum  equation  at  the  wall,  which 
gives 


1  dp  _1_/4^£  ,  1  I  . 

dy  iZe  3  dy^  3  dzdy  3  dydz 


(6) 


in  spatial  simulations  In  both  cases  we  have  periodicity  in 
the  spanwise  direction  z 

The  initial  condition  consists  of  the  supcr|)osition  of  the 
ianiinar  solution  and  a  perturbation  Tlie  laminar  flow  is 
obtained  by  solving  the  similarity  equation  In  the  temporal 
case,  the  flow  is  made  parsdlel  by  taking  e  =  0  and  u  = 
ti(y).  The  perturbation  is  the  tuperposition  of  the  eigen¬ 
function  corresponding  to  the  most  amplified  mode  (which 
18  two-dimensinal  in  the  two  cases  considered  hereafter),  at 
an  amplitude  fjD  some  three-dimensional  remdom  noise 
at  an  amplitude  c^p  In  practice,  the  two-dimensional  eigen¬ 
function  is  provided  by  a  randomly-foiced  two-dimensional 
simulation  performed  with  the  same  numerical  code  In  the 
temporal  calculation,  the  perturbation  is  only  applied  at  the 
initial  time,  t=0.  In  the  spatial  case,  it  is  also  used  at  the 
upstream  boundary,  the  random  noise  being  refreshed  every 
timestep. 

As  already  stresi>ed,  high  Mach  numbers  require  high 
Reynolds  numbers  for  transition  to  develop  These  can  be 
reached,  with  the  limited  resolution  offered  by  the  computer, 
only  by  means  of  large-eddy  simulations,  where  the  effect 
of  the  small  unresolved  scales  upon  the  exphcitely-simulated 
large  scales  has  to  be  modelled.  A  very  efficient  subgrid- 
scale  parameterization,  based  on  a  spectral  eddy-viscosity 
(Kraichnan,  1976),  was  developned  by  Metais  and  Lesieur 
(1990)  Turbulence  is  supposed  to  be  locally,  at  a  position 
X,  isotropic  at  scales  smaller  than  the  grid  mesh  Ax.  A  local 
kinetic  energy  spectrum  Et{kc)  (with  =  ff/Ax)  is  then 
calculated  in  terms  of  the  local  2nd  order  velocity  structure 
function 

T,  =  (iiu(x,<):  -  «'(•?+ r",t)ip)iini..,.  in 

of  the  large  scale  velocity  field  (where  ( )  is  a  proper  spatial 
average  upon  points  x  +  r  ,  a  distance  Ax  apart  of  z).  Then 
the  isotropic  EDQNM  expression  for  the  eddy-viscosity  is 
used: 

=  ,  (8) 

which  vanes  w^th  the  instantaneous  and  local  turbulent  ac¬ 
tivity.  It  is  found 

t)  =  0.06  yjTiis.,  Ai,<)  .  (9) 


An  inflow/outflow  boundary  condition,  using  one-dimen¬ 
sional  normal  characteristics,  is  used  at  the  upper  boundary 
Lineanzation  of  the  inviscid  equations  gives  the  five  diarac- 
teristic  variables  Ci  to  Cs  and  their  corresponding  velocities 
A}  to  As  Outgoing  characteristics  (A,  >  0)  are  extrapolated 
from  the  interior  of  the  calculation  domain,  whereas  incoming 
characteristics  (A,  <  0)  arc  kept  constant  at  the  boundary. 
In  the  temporal  calculations,  periodicity  is  assumed  in  the 
streamwise  direction  x,  whereas  the  inflow/outfiow  bound¬ 
ary  condition  described  above  is  used  at  x  =  0  and  x  =  ix 


An  analogous  eddy-conductivity  is  built  taking  a  turbulent 
Prandtl  number  equal  to  0  6,  as  given  by  the  isotropic  incom¬ 
pressible  studies^.,  Afterwards,  these  eddy-coefficients  are 
substituted  with  the  viscous  coefficients  into  the  full  com¬ 
pressible  Navier-Stokes  equations.  Notice  that  our  model 
gi'^  a  better  agreement  with  laboratory  expenments  than 
the  Smagorinsky  model,  at  least  for  two  incompressible  flows: 
behind  a  backward-facing  step  (Silveira  et  ai.,  1990),  and 
the  channel  flow  (Comte  et  ai.,  1990).  In  the  last  paper 
was  given  evidence  of  acceptable  behaviour  of  the  structure- 
function  model,  even  near  the  walls,  where  the  assumption  of 


homogeneity  and  isotropy  is  certainly  not  fulfilled  The  use 
of  the  incompressible  eddy -viscosity  (9)  eind  its  associated 
eddy-conductivity  for  compressible  calculations  may  be  only 
justified  by  assuming  that  the  subgnd-scales  atv  negligibly 
affected  by  compressibility. 

3  Low  Mach  number  boundary-layer  simulations 

In  this  section,  we  pr^'sent  temporal  direct  numerical 
simulations  at  M  —  0  5  (which  is  low  enough  to  permit  com¬ 
parison  with  incompressible  expcnments  and  computations) 
and  at  an  imtial  Reynolds  number  of  1000. 

For  a  simulation  a'  a  resolution  of  60  x  20  x  45  involv¬ 
ing  two  TS  wavelengths,  Figure  1  shows,  from  (aj  tc  (gj,  the 
successive  evolution  of  a  set  of  vortex  lines  in  the  same  run 
for  times  ranging  from  470  to  500  6* (Voa-  We  observe  the 
formation  of  A  vortices  in  an  aiigned  pattern,  and  thus  we 
can  conclude  that  they  correspond  to  the  fundamental  mode 
of  the  secondary  ins. ability  This  fundamental  mode  may 
be  physically  explained  as  an  in*phase  spanwise  c^cillation 
of  the  vortex  filaments,  which  is  amplified  by  the  straining 
due  to  the  basic  shear.  The  wavelength  m  the  spanwise  di¬ 
rection  A,  18  half  the  calculation  domain  and  is  of  the  same 
order  as  Ays,  the  longitudinal  wavelength  of  the  Tollmien- 
Schlichting  waves  It  is  obviously  not  possible  to  conclude 
that  the  observed  spanwise  mode  is  the  most  amplified  one, 
since  spanwise  periodicity  leads  to  the  selection  of  particular 
modes. 

The  selection  of  the  secondary  instubility  r.ndamental 
mode  in  a  case  in  which  TS  waves  are  forced  with  a  relatively 
high  amplitude  is  consistent  both  with  experiments,  theoret¬ 
ical  calculations  (Herbert,  1988)  and  computations  (Spalart 
and  Yang,  1987;  Zang  and  Hussaini,  1987;  Kleiser  and  Zang, 
1991). 

At  f =490  ^*/Cfopi  the  flow  clearly  displays  a  peafc-vaiiey 
structure,  as  in  the  laboratory  experiments  of  Klebanolf  et 
a/.  (1962).  The  peak  planes  corresponds  to  the  tip  of  the  A 
structures  and  the  valley  planes  to  their  bases.  In  the  peak 
planes  (parallel  to  *,y),  the  vertical  velocity  v  is  positive 
and  the  ^treamwise  velocity  u  is  lower  than  the  mean  value, 
indeed,  slow  fluid  close  to  the  wall  is  lifted  between  the  legs 
of  the  A  The  opposite  benaviour  characteri^  the  valley 
planes. 

The  present  simulation  stopped  before  a  developed  tur¬ 
bulent  regime  was  reached.  It  has  thus  been  resumed  for  a 
longer  time  (up  to  2300  6*/Uoci)f  but  at  a  lower  resolution 
(30  X  25  X  20)  in  a  domain  of  length  equal  to  one  TS  period 
instep  of  tWw.  Despite  this  low  resolution,  a  good  quali¬ 
tative  agreement  with  experimental  measurements  made  in 
incompressible  boundary  layers  at  a  comparable  Reynolds 
number  was  obtained:  our  shape  factor,  for  instance,  goes 
from  2.6  to  1.4,  as  m  tlw  experimental  incompressible  data 
Our  friction  coefficient  peaks  after  the  transition  at  5.1  lO"®. 


Our  computed  r  m.s.  of  the  three  velocity  com*'onents  peak 
respectively  at  0  13, 0  04  and  0  06  (see  Normand,  1990  ,  Nor- 
mand  and  Lesieur,  1991). 

4.  Mach  5  simulations 

At  a  Mach  number  of  5,  a  high  Reynolds  number  of 
the  order  of  10000  is  needed  in  order  to  reach  the  turbulent 
regime  Such  a  Reynolds  number  is  to  high  to  allow  for  a 
direct-numerical  simulation  of  the  whole  transition  process, 
and  we  have  chosen  to  perform  a  large-eddy  simulation  us¬ 
ing  the  above-discussed  structure^funcUon  model.  Another 
choice  was  done  by  Erlebachcr  and  Hussaini  (1990),  who 
use  (at  a  Mach  number  of  4.5)  no  subgrid  model,  and  axe 
able  to  observe  the  development  of  a  secondary  instability 
This  requires  very  low  time  steps,  and  lengthy  calculations 
Ours  (which  blow  up  if  the  eddy-viscosity  is  suppressed)  al¬ 
low  longer  time  evolutions 

The  question  of  the  validity  of  the  subgnd-scale  parame¬ 
terization  for  the  simultition  of  the  ticuisitional  stages  is  cru¬ 
cial,  and  an  important  critenon  is  that  the  eddy-viscosity 
should  be  negligible  during  the  linear  stage  of  the  evolution. 
This  will  be  well  verified.  We  will  now  present  results  ob¬ 
tained  in  the  temporal  case  and  in  the  spatially-growing  case 

4.1  Temporal  boundary  layer  at  Mach  5 

We  present  here  a  simulation  at  A/  =  5  and  Re  =  10  000. 
The  resolution  is  of  50  x  20  x  40  for  a  domain  of  length  equal 
to  twice  the  most-amplified  wavelength  at  this  Mach  number 
(the  second  mode)  and  the  initial  perturbations  are  of  the 
same  order  as  in  the  previous  case. 

Figure  2  shows  the  streamwise  velocity  field  u  in  the 
plane  y  =  0.5  6*  at  f  =  300  We  observe  very  clearly 

a  staggered  pattern.  This  marks  a  radical  change  compared 
with  the  low  Mach  number  case,  since  the  subharmonic  mode 
of  the  secondary  instability  seems  now  to  be  selected.  This 
subharmonic  mode  corresponds  to  an  out  of  phase  spanwise 
oscillation  of  the  vortex  filaments,  which  is  intensified  by  the 
straining  due  to  th^  mean  shear  Unfortunately,  we  did  not 
find  any  experimental  or  theoretical  work  with  which  this 
results  could  be  compared  However,  the  above-mentioned 
calculations  of  Erlebacher  and  Hussaini  (1990),  which  are 
forced  initially  with  a  secondary  fundamental  perturbation, 
might  go  in  favour  of  our  findings:  instead  of  seing  the  de¬ 
velopment  of  the  spanwise  in-phase  oscillation  of  the  vortex 
filaments,  they  observe  that  the  peak  and  valley  planes  lose 
ihe%r  most  distinctive  characteristics. 

4.1  Spatial  simulation  at  Mach  5 

The  higher  growth  rate  of  the  instability  makes  a  spatial 
aimulatioD  at  Mach  5  possible,  whereas  it  was  not  the  case 
at  low  Mach  number.  The  resolution  is  of  3G0  x  40  x  20.  The 
domiun’s  size  is  of  600  x  30  x  20  the  displacement  thickness 
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upstream,  where  the  flow  is  forced  using  tlie  same  eigen¬ 
functions  as  in  the  temporal  case  The  upstream  Reynolds 
number,  based  upon  this  thickness,  is  of  10  GOO 

Figure  3  shows  an  isoaurfacc  of  uj»  viewed  from  the  top 
(Fig  3-aJ,  with  enlarged  top  and  side  views  in  the  down¬ 
stream  region  {Fig  3-b  and  3-c  respectively),  visualized  with 
the  aid  of  tht,  FLOSIAN  software  (developped  at  I.M  G  by 
Y  Fouillet,  E,  David,  M.A.  Gonzeand  P  Comte)  The  flow  is 
going  from  left  to  right.  We  flrst  observe  the  two-dimensional 
waves  resulting  from  the  forcing  Then  a  subharmonic  sec¬ 
ondary  mode  emerges,  as  m  the  temporal  case,  giving  nse 
to  A'shaped  structures  staggered  in  the  spanwise  direction 
These  A  waves  break  up  and  pair  as  they  travel  downstream. 
They  also  seem  to  be  more  stretched  in  the  streamwisc  direc¬ 
tion  than  the  analogous  staggered  vortices  observed  experi¬ 
mentally  in  an  incompressible  case  of  natural  transition. 

5.  Conclusion  and  discussion 

TVansition  to  turbulence  of  a  compressible  boundary  layer 
over  a  semi-infinite  insulated  flat  plate  was  studied  numeri¬ 
cally  by  solving  the  complete  unsteady  Navier-Stokes  equa¬ 
tions.  Direct  numerical  simulations  were  performed  at  low 
Mach  number  (A/  =  0.5,  =  1000),  whereas  the  use  of 

a  subgrid'seale  parameterization  was  necessary  for  the  high 
Mach  number  fA/  =s  5)  case,  since  we  had  to  increase  the 
Reynolds  number  {Rtf*  =  10  000).  A  new  subgnd-scale 
model,  based  on  the  second-order  velocity  structure  func¬ 
tion  was  used  here  for  the  first  time  in  a  compressible  shear 
flow. 

At  low  Mach  number,  the  fundamental  mode  of  the  sec¬ 
ondary  instability  (in-phase  spanwise  oscillation  of  the  T.S 
filaments)  was  found  to  be  predominant,  as  predicted  by  the 
incompressible  theory  when  the  TS  wave  amplitude  is  high 
The  complete  transition  process  was  observed  and  explained 
on  the  basis  of  vortex  filament  dynamics.  Fintdly,  the  transi¬ 
tion  to  small-scale  turbulence  was  proved  to  be  well  simulated 
in  a  calculation  at  low  resolution,  at  least  with  regard  to  the 
mam  average  quantities  of  the  flow  (mean  velocity,  shape 
factor  and  friction  coefficient,  r.m  s.  velocity  fluctuations). 

In  the  high  Mach  number  case,  the  predominant  un¬ 
stable  mode  (second  mode)  is  two-dimensional  and  results 
from  the  generalized  inflection-point  instability  criterion  A 
controUed-transition  numerical  experiment,  with  a  3D  white- 
noise  perturbation  superimposed  on  the  second  mode,  shows 
a  drastic  change  of  behaviour  compared  with  the  incompress¬ 
ible  case:  now  the  subharmonic  mode  of  the  secondary  in¬ 
stability  (out-of-phase  spanwise  oscillation  of  the  vortex  fila¬ 
ments)  seems  to  be  selected.  This  was  confirmed  by  a  spsUal 
simulation,  in  which  a  clear  downstream  transition  »8  ob¬ 
served  in  the  structure  of  the  flow,  firom  the  two-dimensional 
waves  upstream  to  very  elongated  A-shaped  vortices  Al¬ 
though  no  transition  to  small-scale  turbulence  is  observed  at 


this  “low”  resolution  of  300  x  40  x  20  (which,  however,  implies 
typical  runs  of  about  20  hours  each  on  the  Grenoble  Atomic 
Energy  Agency  Cray  2),  it  is  possible  that  these  coherent 
structures  may  characterize  the  turbulent  boundary  layer  at 
Mach  S 

These  results  pose  questions  about  the  imiversality  of 
the  vortex  structure  in  turbulent  shear  flows,  subnutted  or 
not  to  the  influence  of  a  wall,  and  to  the  action  of  com¬ 
pressibility  Let  us  consider  first  the  incompressible  case 
in  a  mixing  layer,,  one  may  also  make  the  distinction  be¬ 
tween  a  secondary  fundamental  mode,  yielding  the  straining 
of  longitudinal  hairpin  vortices  between  the  primary  Kelvin- 
Hcimholtz  billows,  and  a  subharmonic  mode,  correspond¬ 
ing  to  the  heiicai-pairing  instability  of  Pierrehumbert  and 
Widnall  (1982),  and  leading  to  a  vortex-iattice  structure  as 
demonstrated  numerically  by  Comte  and  Lesieur  (1990)  The 
same  calculations  show  that  one  of  the  two  spanwise  instabil¬ 
ities  will  develop,  according  to  the  relative  importance  of  the 
two-dimensional  and  the  random  three-dimensional  forcings. 
When  compressibility  is  important  (convective  Mach  number 
of  the  order  of  one),  the  numerical  simulations  of  Sandham 
and  Reynolds  exhibit  a  staggered  array  of  A  vortices. 

Therefore,  it  is  tempting  to  draw  a  unified  pictuie  of 
transition  to  turbulence  in  any  flow  submitted  to  a  unidirec¬ 
tional  shear:  at  low  Mach  number,  a  quasi  two-dimensional 
forcing  will  lead  to  a  set  of  longitudinal  hairpm  vortices,  su¬ 
perposed  upon  the  spanwise  billows  resulting  from  the  break¬ 
ing  of  the  pnmary  instability,  when  such  a  breaking  occurs 
(as  in  a  mixing  layer,  but  not  in  the  boundary  layer)  On  the 
other  band,  naturai  transition  (where  no  two-dimensional 
forcing  is  present)  will  produce  a  staggered  array  of  large 
A  vortices,  tending  to  be  lifted  towards  the  higher  veloci¬ 
ties,  due  to  self-induction  effects.  These  structures  have  to 
undergo  some  kind  of  pairing  interactions,  m  order  to  be 
consistent  with  the  global  sclf-similanty  of  the  flow,  They 
are  likely  to  survive  when  small-scale  turbulence  has  devel¬ 
oped,  At  high  Mach  number,  it  seems  that  only  the  latter 
flow  topology  (staggered  breaking-up  A  vortices)  is  selected, 
whatever  the  type  of  forcing.  All  these  conclusions  (specially 
m  the  compressible  case)  have  to  be  taken  cautiously,  and 
need  to  be  validated  by  higher  resolution  ctdculations  and 
laboratory  experiments 

Acknowledgments 

The  authors  thank  to  D.  Amal,  M.  Morkovin  and  J 
Riley  for  helpful  d'seussions  during  the  course  of  this  study. 
One  of  us  (X.  Normand)  is  indebted  to  NASA-Langley  and 
ICASE  for  being  invited  to  the  Instabxhty  and  Transtiton 
Workshop  ICASE/URC,  June  2989. 

This  work  was  supported  by  CNES-Avions  Marcel  Das¬ 
sault  in  the  fi  ame  of  the  Hermes  program  (contract  n*  RDMF 
3/86),  by  DRET  (contracts  n*  87/808/11  and  n*^  88/150), 


15-4-4 


and  by  CNRS  (GDR  Mccuiique  des  Ftuides  Numcnquc  and 
GDR  Hypereoniquc).  Calculations  using  a  CRAY2  were  done 
on  a  grant  of  the  Centre  de  Ctdcul  Vectonel  po\ir  la  Ucchercho. 
and  Centre  Grenobiois  de  Calcul  Vectonel 


References 


Bayhss,  A  ,  Pankh,  P.,  Macstrello,  L ,  and  Turkcl,  £ 
(1985).  AMA  Paper  85*1694 

Comte,  P.,  Lee,  S.S.,  Cabot,  W.  and  Moin,  P.  1990  In 
Pioc.  Summer  Researcli  Program  1990,  Center  for 
Turbulence  Research,  Stanford,  California 

Comte,  P,  and  Lcsieur,  M  (1990)  Large  and  small- 
scale  stimng  of  vorticity  and  a  passive  scalar  in  a  3D 
temporal  mixing  layer.  Phys  Fluids  A,  to  appear 

Erlebacher,  G  ,  and  Kussaini,  M.Y  (1987)  AJAA  Paper 
87-1416 

Erlebacher,  G  ,  and  Hussaini,  M  Y  (1990)  Phys  Fhitds 
A,  Vol  2,  pp,  94-104 

Gottlieb,  D.,  and  Turkcl,  E.  (1976).  Afatb.  Comp,  Vol 
30  (136),  pp.  703-723. 

Herbert  T  (1988).  Ann  Rev  Fhtd  Mech ,  Vol  20, 
pp.  487-526 

Erlebacher,  G.  and  Hussunt,  M.Y.  (1990).  Phys  Fiujds 
4  Vol.  2,  pp  94*104. 

Klcbanoff,  p  S  ,  Tidstrom,  K.D.,  and  Sargent,  L  M  (1962). 
J.  Fluid  Mcch.,  Vol.  12,  pp.  1-34. 

Kleiser,  L.  and  Zang,  T.A.  (1991).  Ann.  Rev.  FfwV 
Afecb.,  Vol.  23,  pp  495-537 

Khne,  S.J.,  Reynolds,  W.C.,  Schraub,  F.A.,  and  Run- 
stadlcr,  P.W.  (1967).  I  Fluid  Mech.,  Vol.  30,  pp. 
741-773. 

Kraichnan,  RH.  (1976).  J.  Atmos.  5d.,  Vol.  33,  pp. 
1521-1536. 

Lesieiir,  M.  (1987).  Turbulence  in  Fluids.  Martmus  Ni- 
jhoff  Publishers.  Revised  edition  1990,  Kluwer  Pub¬ 
lishers. 

Mack,  L  M.  (1969).  Boundary-layer  stability  theory.  Jet 
Propulsion  Lab.,  Pasadena,  Calif.,  rep.  900-277. 

Maestrello,  L.,  Bayliss,  A.,  and  Krishnan,  R.  (1989).ICA5£ 
Report  89-74. 

Masad,  J.A.,  and  Nayfeh,  A.H.  (1990).  Phys  Fluids  A, 
Vol  2,  pp.  1380*1392. 

Metals,  0.,  and  Lesieur,  M.  (1990).  Spectral  large- 
eddy  simulation  of  isotropic  and  stably-stratified  tur¬ 
bulence  Submitted  to  the  Journal  of  Fluid  Mechan¬ 
ics. 

Nayfeh,  A.H,,  and  Harper,  R  (1989).  Proceeding  of 
the  Third  lUTAM  Symposium  on  Lamiziar-Tbrbuicut 
D'anaition,  Sept.  11-15,  Tbulouse,  France.,  P.  Araai 
and  R.  Michel  eds,  Springer- Verlag. 

Normand,  X.,  (1989)  Proceedings  of  the  Instability  and 
Transition  Workshop  ICASE/LoRC,  June  1989. 

Normand,  X.  (1990)  IVansition  a  la  turbulence  dans  les 
eroulements  cisaiUes  compreasibles  fibres  ct  pan5taux. 
Th^se,  Institut  National  Polytechniqtie  de  Grenoble. 

Pierrehumbert,  R.T.,  and  Widnall,  S  E.  (1982)  J.  Fluid 
Mecb.,  Vol  114,  pp  59-82.  Pierrehumbert  and  Widnall 

Sandham,  N.D.,  and  Reynolds,  W.C,  (1990).  Three- 
dimensional  simulations  of  the  compressible  mixing 
layer.  J  F/uid  Mech.,  to  appear 


Schlichting,  H  (1979)  Boundary-layer  theory  McGraw- 
Hill,  New-york,  seventh  edition. 

Silveira,  A  ,  Grand,  D  ,  Metais,  O  ,  and  Lesieur,  M 
(1990)  Large-eddy  simulation  of  the  turbulent  flow  m 
the  downstieam  region  of  a  backward-facing  step.  To 
appear  m  Phys  Rev  letters. 

Smagormsky,  J.  (1963)  Monthly  Weather  Rev,  Vol.  91,- 
pp  99-164. 

Spalart,  P.R.,  and  Yang.  K.-S.  (1987)  J  Fluid  Mech  , 
Vol  178,  pp  345-365. 

Strang,  G.  (1968)  SIAM  J  Nuiner  Anal.,  Vol  5  (3), 
pp  506-517 

Thumm,  A.,  Wolz,  W  ,  luid  Fasel,  H  (1989)  Proieed- 
mgs  of  the  Third  lUTAM  Synipo'>nim  on  Lamiiiar- 
Turbulent  TVajiMtion,  Sept.  11-15,  Toulouse,  France, 
D  Amal  and  R  Michel  eils,  Springer- Verlag. 

Zang,  T  A  and  Hussami,  M.Y  (1987)  Nonlinear  Wave 
Interactions  in  F/uids,  R  W  Miksad  T  R  Akylas  and 
T  Herbert  eds.  AMD-87,  pp  131-145  New  York: 
ASME 


15-4-5 


EIGHTH  SYMPOSIUM  ON 
UIRBUEENr  SHEAR  FLOWS 

Technical  Unne''.itv  nf  Munich 
Seplemher  9- 1  i  inni 


15-5 


Breakdown  of  a  circular  jet  into  turbulence 

M  V  MelAnder*,  P  Husimh  And  A  Bi*u 
DcpAitment  of  MechuucAl  ED|meeni}| 

Universitj  of  Houtton 
Houston,  Texu 

^«p«rtm«Q(  of  M»th«motic«,  Southern  Meth<'Ii«t  Univerntj,  D«Um,  Tcxm 


Abotroet 

Bj  direct  numencol  nmulotion  of  the  Novier^Stoket 
equttions  we  b«ve  itudied  the  neer^field  oriAoited  itructures  m  on 
mcompretfible  circulor  jet  U  *  Reynoldi  number  of  1500.  In 
porticulor,  we  focus  on  the  breokdown  process  foUowin|  the  p«inn| 
of  rolled  up  vortex  linfs.  The  breaJtdown  process  seems  to  involve  of 
stroni  stre*mwise  h*irpui-Uke  vortex  loops. 

Introduction 

The  neoT'fi^ld  of  on  oxiiymmetric  jet  is  nch  in  the  kinds  of 
motions  ftortini  with  30  Keivin-Helmholts  instol^ty,  roU^up, 
poirinf,  breskdown  end  pertiops  reconnection.  This  refion  is  slso 
choTActerised  by  hi|h  level  of  mlxini  end  Aerodynomic  noise 
lenerAtion.  UnfortunAtely,  our  knowledfe  of  this  field  is  extremely 
limited  becAuse  of  constrAlnts  of  sin^e<point  meAsurementi  as  weU 
AS  the  intrinsic  lixmtAtions  of  flow  visuAlitAtion  Even  At  Schmidt 
number  equAl  one,  flow  visuAlitAiion  m  a  3D  flow  con  be  possiy 
misleAdinc  becAuse  dynAmlcAlly  sifmficAnt  repons  Are  typicAlly 
depleted  of  mAikers,  obscurini  them  from  direct  observAtion. 
Pendini  development  of  30  flow  meAiurcment  technolo0,  such  as 
the  holop^hic  pArticle  velocunctiy  (now  under  development  At 
UH)  we  used  hot>wir«s  (Hussslo  1983)  In  psrdlei  we  took 
AdvAntAie  of  the  power  of  supercomputers  which  cAn  provide 
dctAiled  30  field  velocity  And  vortlcity  dAtA,  Althou|h  At  low 
Reynolds  numben 

In  An  Attempt  to  complement  cxpeiimentAl  observAtions  by 
us  And  others  (e^.  HussAin  k  ZAmAtt  (1980),  Crow  k  ChempA|e 
i971)),  4S  well  AS  to  obtsiu  insicht  into  the  stnicture  of  a  dr^Ar 
jet,  we  hAve  studied  by  direct  numericAl  simulAtion  a  iemporAlly 
evolvinf  Jet  u  ad  ideAUied  model.  This  limulAtlon  cultures  the 
fundimentAl  mechAoismi  involved  In  the  trAOsitlos  to  tu^uleoce  in 
this  ceometry,  sritbout  necessAtily  AccurAtely  civinc  aU  the  phyvicAl 
mcAsures  (such  as  spreAd  rAte).  While  the  poodle  leometry 
Admittedly  hAs  some  undeslrAble  side  effects,  it  hAi  slpdficABt 
•dvAatA(s*i  foremost  AmoB(  these  It  the  eosy  Access  to  the 
eigenfunctions  of  the  curi  operotor.  These  ciicnfunctions  Are  ciiticAl 
for  the  decomposition  of  the  flow  into  heUcAlly  polirised 
components  which  tre  centrol  to  the  present  ADAlysis  as  they  Allow 
us  to  exAznine  the  breAkdown  of  the  jet  into  turbulence  in  a  new 
fAshion.  We  find  thAt  a  pArtiAl  spAtiad  sepATAtion  of  the  p^Arised 
vortiaty  components  is  instrumentil  in  this  trAosition. 

InitUl  Coodidoa 

The  present  results  Are  obtAlned  from  a  numcricAl 
simulAtion  of  a  temporiUy  evolvini  cireulAr  jet  At  Re{)=1500.  The 
numencAl  method  used  a  a  ipectrAl  (AlUo^free)  Al(onthm  with  a 
fourth  order  predictor  coirector  for  the  time  Advtocement  in  a 
(3x)’-box  of  A  54^«refolution.  The  diameter  of  the  inhUl 
unperturbed  jet  is  0=3.6,  the  centerline  velocity  of  the  Jet  it  Wj=l, 
and  imtial  momentum  thickness  is  d^sQ.OS.  The  jet  is  initially 
subject  to  both  loncitudinal  and  Ashnuthal  perti^ations  The 
lon^tudinal  perturbationf  are  |iven  as  variAtloni  In  the  momentum 
thickness. 

(l)  5(i)  =  +  Aj  cosfjj||+dj)  + 

here  4^0.06,  Ajij=0  03,  A|y^=0.01,  Aj=x/3, 

^^0,  Asimuthal  perturbatioDS  art  radial 

displacements  of  ue  jet  shear  layer;  these  consist  of  a  superposition 


of  15  waves: 

(2)  r(9)=r„(l+A  cos(  m0  +#a^)), 

with  equal  amplitudes  4=0.001  and  random  pbaiei 

Brief  Description  of  the  Bvolntioii 

The  evolution  oi  the  jet  over  the  duration  of  this  simulation 
naturally  divides  Into  three  phuei.  an  axiiymmetric  phase 
charactcrited  by  roll  up  of  the  shear  layer  into  rinfs  and  subsequent 
pairini  of  the  rinft  Second,  growth  of  aiimuthal  disturbances  on 
the  rinp  and  the  formation  of  striamwise  structures  Third, 
breakdown  of  the  ring  structures  into  smaller  structures  with 
significant  streamwise  vortidty;  hence  they  ve  apparently  helical 
in  nature 

During  the  first  phase  the  shear  layer  rolls  up  mto  four  ring 
vortices  At  the  fundamental  perturbation  within  the  computational 
domam  as  expected  (Pig  la).  The  presence  of  the  the  initial 
subbarmonic  perturbation  allows  the  linp  to  pair  m  the  periodic 
geometry  (Pigs  lb>e).  As  a  result  of  this  paiiing  event  we  have  only 
two  nng  structures  within  the  computationai  domain  These  nngs 
have  A  large  corA'to>rinf>radias  ratio  which  does  not  permit  a  second 
pairing  to  take  place.  The  Jet  Is  thus  in  "jet  column  mode”.  This 
evolution  is  almost  completely  axisytumetiic,  in  that  asunuthal 
disturbances  remain  small,  as  illustrated  by  the  vortex  lines  in 
Pig  3. 

The  evolution  away  from  axisymmetry  begins  by  the 
formation  of  **nbs”  between  the  ring  structures,  see  Fig  3.  The  ribs 
are  streamwise  structures  that  form  in  couDtc^rotating  pairs.  Their 
formation  is  due  to  the  alignment  of  vorticity  with  the  principal 
strain  rate  direction  in  between  the  rings,  whereby  the  streamwiie 
vorticity  component  is  continuously  snl^csd.  Figure  I  iUustratee 
tills  point  by  showing  a  samplt  of  typical  vortex  lines  We  notice 
that  the  departure  frvm  axisymmetry  within  the  rings  is  small 
compared  to  the  braid  re^on.  Also  we  observe  that  the  ribs  leen  in 
Fig.3  do  not  consist  of  vortex  lines  going  frum  ring  to  ring,  but 
instead  of  staggered  vortex  lines  with  varymg  strength,  ie.  high 
amplitude  in  the  nb  direction  and  low  amplitude  perpendicular  to 
it.  At  later  times  the  ribs  are  stronger  and  the  ring  structures 
tbemselvss  be^  to  show  significant  departures  from  axisynunstry 
(Pig.5)  This  happens  m  a  result  of  the  "WidnaU'instability” 
(Widnall  el  ol  1974).  Note  that  some  ribs  art  stronger  than  othm 
and  that  the  rings  lack  symmetry;  this  is  a  consequence  of  the 
initial  aiimuthal  perturbations  (3)  which  have  random  phases.  A 
sample  of  typical  vortex  lines  are  r^ewn  in  Pig  6;  from  these  lines  it 
is  evident  that  the  rings  are  beginning  to  bend  in  the  streamwise 
direction,  such  that  the  hmer  loops  of  the  rinp  are  ahead  of  the 
outer  ones.  Moreover,  we  observe  that  the  waves  on  tbs  rings  are 
out  of  phase  with  the  loops  in  ths  ribs  (Pig  5b).  The  overall  pictive 
at  this  time  is  roughly  consistent  with  the  sketch  of  Hussain  1985 
(Pig.7). 

The  ring  structures  undergo  a  complete  breakdown  as  they 
attempt  to  leapfrog,  which  they  can  not  do  because  their  cores  are 
too  thick  (Figs.  8,9).  The  final  nsult  of  this  breakdown  is  that  the 
jet  rt^n  fills  up  with  streamwise  loops  as  sh^wn  in  Fig  10  Ws 
searched  this  fitld  for  ring  structures  simUar  to  thoM  suggested  in 
Fig  7,  but  we  found  none,  not  even  in  strong  distorted  form. 

The  evolutions  of  energy  and  enstrophy  in  the 
computational  domain  b  shown  in  Pigs.  lU,b.  UtUs  ovsr  half  the 
tnsrgy  is  dissipatsd  by  the  and  of  ths  simulation.  The  enstrophy 
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dec«7i  rtpidi;  dunn|  the  first  pbMe  of  the  evolution,  thie  ti 
because  the  momeotuzn  thickness  is  rother  fm*ll  for  this 

Reynolds  number  and  also  because  the  first  phase  »  mainly 
axisymmetnc,  lackini  any  substantial  vortex  stretchmc  The  second 
phase,  however,  features  a  substantial  mcrease  m  enitrophy,  due  to 
the  feneration  of  streamwise  vorticity,  which  is  subject  to  vortex 
stretchinf.  The  enstrophy  reaches  a  peak  durmf  the  breakdown  of 
the  nnf  structures.  Subsequently,  the  enstrophy  decays  Of 
particular  interest  is  decomposition  of  enerfy  and  enstrophy  into 
streamwise,  radial  and  asimuthal  components,  see  Fifs  nc,d  We 
observe  that  the  azimuthal  component  of  the  enerfy  is  nefhfible 
until  1=30  0  when  the  nnfs  become  unstable  Subsequently 
(TOWS  nfmficantly  at  the  expense  of  the  streamwiee  enerfy  E^* 
radial  component  Ef  reaches  a  peak  duriof  the  paiiinf  event,  then 
decays  slifhtly,  but  eventually  starts  to  frow  at  the  same  rate  aa  E|. 
The  correspondinf  components  of  the  enstrophy  Z  show  the  three 
phases  with  extraordinary  clarity,  st''  Fif  lid  Dunnf  the  first 
phase  Zf  and  remam  nefU^ble  compared  to  Z^,  but  dunnf  the 
second  phase  they  frow  sifn^cantly  and  at  the  same  rate  The 
third  phase  is  charactenied  by  the  three  components  bemf  larfely 
equal,  i  e.  each  holdmc  a  third  of  the  enstrophy 

Spatial  Separation  of  the  Polariied  Vortiaty  Components 

The  jet  evolution  desenbed  above  features  stroof  core 
dynamics  m  the  rinf  structures  aa  well  as  m  the  ribs.  We  have 
discovered  (Melander  k  Hussain  1991a, b)  that  a  most  revealinf  way 
of  studyinf  vortex  core  dynamics  is  in  tenn  of  the  ’feneraliied 
Helfflholti  decomposition*  (Moses  1971)  or  the  equivalent  'complex 
hchcal  wave  decomposition*  (Lesteur  1990] 

This  decomposition  is  based  on  the  eigenfunctions  of  the 
curl  operator.  In  the  penodic  as  well  aa  in  the  in&iite  space  the  curl 
operator  has  only  real  eifenvalues  Moreover,  the  elfeafunctions  can 
be  selected  such  as  to  form  a  complete  set  of  basis  functions,  which 
are  orthofonal  with  respect  to  the  inner  product, 

(3)  <(,»>  s 

wh*^r«  «  means  complex  conjufation  and  the  intefration  extends 
ovet  the  periodic  box.  In  Fourier  space  there  are  two  eifcnmodes 
corresvondinf  to  a  fiven  wavevector  ki  one  of  the  eigenmodea  has 
elfcnv'alu*  ]kl  and  the  other  -|k|.  Vector  functions  which  are 
li*i''ar  combinations  of  elfenfunctions  coirespondlnf  to  positive 
eifen/alues  we  call  ri^t  handed  because  the  trajectories  or  vector 
Un*'S  locally  form  nfht  handed  helices  Similarly  we  call  linear 
roenbinattous  of  •igenfunctions  correspondinf  to  nefative  eifenvalues 
left  handad  The  eifenfunctlans  conesponcUni  to  the  eifenvalue  zero 
span  the  space  of  potential  vector  functions  An  'ncompretsible 
\  elcclty  field  can  thus  be  expressed  in  the  form, 

(4)  + 

where  ^  is  «  Uanoocic  function  (i.e.  A^O).  Note  that  the  periodic 
ffometry  allows  one  kind  of  potential  vactor  fields  with  zero 
divcrfC'i^'e.  namely  constant  vector  fields.  These  three  components 
are  uniqne,  rotatiooally  invariant,  and  constitute  the  feneraliied 
HelnLslvz  dicompo^ition  ut  Moses  (1971).  Moreover,  in  our 
applicatijns  the  th.  t*  romporents  are  real  because  of  the  conjufate 
synune^iV  of  u  in  Fouxier  space  For  a  solenoidal  vector  field  like  a 
vorticity  field  u  we  havt, 

(fi)  tf  “  fc-a  ^  fc.*!, 

la  the  foUowinf  we  frequently  refer  to  the  left  and  nfht  handed 
componenu  of  a  veCor  feld  as  its  fclanui  components,  each  of 
them  is  mstruction  solenoidal.  We  emphasise  that  the  polarised 
romponcuts  c  e  GaUlcan  Invariant  and  that  the  well  known  frame 
dependence  of  ths  velocity  field  enters  only  throufb  the  potential 
cernpoc*^  Vd 

Th  sifuificance  of  the  polansed  field  components  is  closely 
trialed  to  the  concept  of  helicity  (Moffatt  1949,  1969),  because  the 
hebcity  intefral  U  over  the  penodic  domam  equals 


(«1  G-J«udV  =  %  +  HL 

where 


O)  Hr  =  y  iij  ■  ua  dV,  H,,  =  jui  Ul  dV 

Here  the  is  a  positive  definite  and  ii  a  nefative  definite 
intefral.  The  tota*  helicity  H  differs  from  zero  when  and  do 
not  balance  exactly  Such  imbalance  typically  results  from  viscous 
vortex  interactions,  but  can  also  result  from  simple  viscous  decay  of 
partially  or  fully  separated  polansed  vortical  structures  (Melander 
k  Hussain  1991c)  Spatial  separation  of  and  it  therefore  of 
interest,  even  when  the  spatial  separation  is  only  partial. 

Initially  there  it  pointwise  balanc*  between  {wnl  and  |iiq^| 
This  balance  is  not  significantly  disturbed  during  the  first  phase 
where  the  evolution  remains  nearly  completely  axirymmetnc 
However,  as  the  azimuthal  disturbances  grow  durmg  *.he  second 
phase  of  the  evolution  a  partial  separation  of  |ug|  and  |ui,|  follows 
both  in  the  nbs  and  in  the  nng  structures,  two  examples  are  shown 
m  Fi^  19.  Inside  the  nng  structure  the  separation  is  a  consequence 
core  dynamics,  similar  to  that  described  in  Melander  k  Huiiain 
(1991a, b).  In  the  ribs  the  separation  is  of  a  different  nature,  as  they 
are  generated  from  the  very  beginning  m  partially  polanzed  form, 
that  is,  within  each  pair  of  ribs  one  u  predominantly  right  handed 
and  the  other  is  predominantly  lefthanded.  At  the  end  of  the 
simulation  the  flow  field  consists  of  streamwise  hairpm*Uke  loops, 
where  the  lep  have  opposite  polarity 

At  this  point  we  emphasise  that  this  discussion  of  polanzed 
vortical  structures  b  not  a  repeat  of  the  helicity  density  (h=u  •  u) 
story  (Levich  le  Tsinober  1983;  Pels  et  at  1986;  Sbtilman  tt  oi  1987) 
There  art  two  reasons  for  this.  Fir$%  we  consider  the  debate  about 
h  and  hf=tt>at/(ltt|M)  m  being  conclusively  settled  by  Rogers  k 
Moin  (IMT).  Second,  we  consider  h  and  hf  to  be  totally  hopeless  as 
pomtwise  measures  for  the  helical  nature  of  a  vortical  structure 
This  is  not  just  because  of  the  lack  of  Galilean  invariance  of  h  and 
hf,  but  much  more  significantly  because  u  is  not  a  local  property  of 
the  vorticity  fteU  (i.e.  the  BioUSavart  integral)  Hence  if  we 
consider  a  gjven  vortical  structure  S  at  a  given  time  tg  then  h  and 
hj.  depend  on  the  surrounding  structures  in  a  totally  undesirable 
fashion.  For  example,  if  we  consider  the  exact  same  vortical 
structure  S  in  a  different  environment  then  both  h  and  change 
even  though  S  it  unchanged.  [These  remarks  also  apply  to  a  number 
of  other  quantities,  eg.  |wxni>  |Vx(uxu)|.  Note  that  while  the 
helicHy  densities  h  and  b^.  are  quantities  that  are  highly 
questionable,  the  helicity  integral  H*  whether  ever  all  space  or  only 
over  4  vortical  structure  bounded  by  a  closed  vortex  surface,  is  a 
well  defined  quantity  with  a  precise  msaning.)  Fortunately,  the 
polanzed  vorticity  components  do  not  sufier  from  these  problems, 
they  are  in  fact  true  local  measures  of  the  helical  structure  of  the 
vorticity  field,  and  they  must  not  be  confused  with  the  behcity 
density  b. 

In  order  to  diagnoie  the  partial  separation  of  the  polansed 
componenif  during  the  evolution  we  have  calculated  the  cross* 
correlation  %  of  |W]t|  and  i-e 

(8)  ?b(Ar,A9,Az)  =  <  |«R(r,9,z)t  |aij|(r+Ar,#+A#,i+Az)l  > 

This  function  is  shown  in  Fig.l3  at  six  times  dunng  the  evolution. 
Initially  there  is  a  perfect  correlation  for  (Ar,A8,As)  =  (0,0,0).  At 
later  tWes  the  correlation  decreases,  but  the  maximum  value  of  % 
If  always  obtamed  for  Ar=0  and  Ai=0  At  1=7  the  peak  correlation 
is  still  very  high  (over  0.999),  but  there  is  a  noticeable  shift  ip 
by  approximately  19^  This  is  a  sign  of  the  ribs  structures  starting 
to  form,  albeit  with  very  low  streamwise  vorticity,  thus  showing 
tba*  the  separation  occurs  gradually.  As  the  asimuthal 
perturbations  begin  to  grow  in  the  ring  structures  the  peak  in  % 
becomes  shaper  (Fip.  13c, d).  When  the  ring  structures  break  down 
into  streamwise  structures  the  maximum  correlation  dr  ips  further, 
but  also  occurs  for  and  increasmgly  smaller  value  of  A8,  see  Figs 
13e,f.  The  reason  for  the  decrease  in  Al  is  that  the  organized  rib* 
pairs  disappear  and  get  twisted  around  more  independently  in  the 
flow 

ConclusioD 

The  abwe  oualjriU  uf  a  Umporall;  evolving  circular  jet 
suggests  that  the  partial  spatial  separation  of  the  polarised  vorticity 
components  are  instrumental  in  the  complete  breakdown  of  the 
early  nng  structures  and  the  onset  of  ful^y  developed  turbulence. 
The  turbulent  field  consists  of  many  vortical  structures,  roughly 
like  thin  hairpins  bend  in  the  streamwise  direction  and  with  a 
helical  twist  to  them  (note  that  the  nng  instability  did  not  produce 


tecond«i7  n^f  itructurei  by  recoan«ction  *•  had  been  conjectured 
by  Huieoin  1964,  lee  Pic.7].  The  le|-i  m  thete  lobee  ue  not  ot  «I1 
lynusetnc  iin*(ei  of  eocb  other,  but  they  are,  however, 
charactemed  by  donunance  of  vorticity  of  oppoiite  polarity  The 
lack  of  lymmetry  between  the  polarised  rtructures  allow  them  to 
decay  in  tlichtly  different  waya,  thereby  producini  a  volume  hehctty 
integral  which  deviates  from  aero  (Fi|.  14).  Thus  the  initial  balance 
between  left  and  ncht  handedne«a  of  the  jet  if  broken  by  the  nni 
breakdown  and  th'i  onset  of  turbulence.  At  the  end  of  the 
sunulation  the  jet  U  fhfhtly  more  lefthanded  than  n|ht  handed  We 
need  to  explore  further  the  implication  of  thu  findmi 
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FH  2  Typical  vortex  linea  at  t=9. 
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FiC  i  Typical  voit«x  Unej  at  t=17,  (a)  tide  view;  (b)  view 


FiC  6  Typical  vortex  Lnet  at  t=33,  (a)  tide  view,  (b)  front  view 


(b) 


Fi(  7  Conjecture  about  the  occurrence  of  reconnection  m  a  circular 
jet  (Huttau  1986) 
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ABSTRACT 

An  investigation  of  the  iocai  fiow  geometry  of  a 
number  of  simulated  turbulent  flows,  focusing  on  the  fine 
scale  motions  characterized  by  high  dissipation  rates 
and/or  high  enstrophy,  is  In  progress.  The  analysis 
technique  consists  of  constructing  the  Invariants  of  the 
velocity  gradient  tensor  (P,  Q,  and  R)  and  the  strain  rate 
tensor  (Pj,  0$,  Rs)  for  every  point  In  the  flow.  These 
quantities  determine  the  local  linearized  flow  geometry  at 
each  point.  Scatter  plots  of  all  the  points  in  the  flow  In  P- 
Q-R  and  Pg-Ot-Rs  invariant  spaces  allow  study  of  the 
distnbutlon  of  topologies  in  the  flow.  Fine  scale  motions 
tend  to  map  to  regions  far  from  the  ongin  in  invariant 
space.  Observed  trends  suggest  that  for  these  motions, 
the  second  and  third  invanants  of  the  rate-of-stram  tenser 
are  correlated  by  ^  s  K(-Qi)'’'*.  Preliminary  examination 
of  vorticity  strain  alignments  for  these  scales  reveal  a 
preference  for  the  vorticity  to  align  with  the  Intermediate, 
positive,  strain  direction. 

BACKGROUND 

The  high  wavenumber  motions  of  turbulence  are  not 
well  understood.  The  purpose  of  this  project  Is  to  study 
the  geometry  of  these  motions  using  data  from  recent 
direct  numerical  simulations  of  turbulent  flows.  Cases 
studied  at  the  time  of  the  submission  of  this  paper  include 
a  time  developing  compressible  plane  mixing  layer 
(Chen  (1990)),  a  time  developing  incompressible  plane 
mixing  layer  (Rogers  and  Moser  (1990)),  a  time 
developing  compressible  plane  wake  (Chen  (1990)),  and 
preliminary  results  from  a  time  developing 
incompressible  plane  wake  (Soria  and  Sondergaard 
(1991)).  These  computations  are  at  Reynolds  numbers 
for  which  they  can  be  considered  to  simulate  transitional 
or  early  turbulent  flow.  In  particular,  late  stages  of  the 
Rogers  and  Moser  mixing  layer  exhibit  tertiary 
instabilities  similar  in  structure  to  the  so-called  'mixing 
transition"  observed  In  laboratory  experiments  (Bernal 
and  Roshko,  1966). 

Also  in  progress  at  this  time  are  studies  of 
simulations  of  homogeneous  turbulence,  homogeneous 
shear  flow,  and  wall-bounded  turbulent  flow. 


APPROACH 

Topological  methods  are  useful  In  the  description  of 
fields  and  are  coming  increasingly  into  use  as  a  means 
to  study  the  large  data  sets  that  direct  numerical 
simulations  generate.  Chong,  Per^,  and  Cantwell  (1990) 
have  carried  out  a  classification  of  the  various  types  of 
linear  three-dimensional  flow  patterns  which  can  occur  in 
compressible  and  Incompressible  flow.  This 
classification  method  was  used  by  Cantwell,  Chen,  and 
Lewis  (1989)  and  Chen,  Cantwell,  and  Mansour  (1989) 
to  analyze  the  topology  of  the  flow  structures  In  direct 
simulations  of  a  compressible  plane  wake  and 
experimental  measurements  of  a  pulsed  low-speed 
diffusion  flame.  The  method  Is  based  on  concisely 
summarizing  the  flow  sfa'cture  In  the  space  of  Invanants 
of  the  velocity  gradient  tensor. 

The  velocity  gradient  tensor  Ajj  -  dU|/9x|  Is  divided  Into 
a  symmetric  and  an  anti-symmetric  part,  A|j  •  S{|  +  R|j, 
where  Sy  =  1/2(9u|/3Xj  +  du/dxi)  Is  the  rate-of-strain  tensor 
and  R|j  =  1/2(3U|/3xj  -  du/dXj}  Is  the  rate-of-rotalion  tensor. 
The  eigenvalues  of  Ajj  satisfy  the  charactenstlc  equation 

>,®-fP)l.*-rQ?.  +  R-0  (1) 

where  the  Invariants  are  given  by 

P  « -trace[A] « -S,i  (2) 

Q  -  i[p*  -  tracejA^j]  - 1  [p*  -  SiiSf  -  R,Rii]  (3 ) 

and 

R  -  -det(Al  •  ^[-P®  +  3PQ  -  Si|S„Sk,  -  3R,R„Sw]  (4) 

The  solutions  to  the  characteristic  equation  at  each  point 
determine  the  local,  linearized  flow  pattern. 

Also  of  Interest  is  the  rate-of-strain  tensor,  v/hose 
invariants  (Ps.  Qg,  and  Rg)  are  generated  by  setting  the 
components  of  R|)  equal  to  zero  in  the  above  equations. 

It  can  be  shown  that.  In  the  space  of  these  Invariants, 
the  surface  which  divides  characteristic  equations  that 
have  real  solutions  from  those  that  have  a  pair  of 
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complex  solutions  Is  given  by 

27R2  +  (4P3-18PQ)R  +  (4Q3-PV)«0  (5) 

A  detailed  discussion  of  the  properties  of  this  surface  and 
a  guide  to  the  vanous  possible  flow  geometries  which 
can  occur  for  all  domains  in  P-Q-R  space  are  given  In 
Chong,  Perry,  and  Cantwell  (1990). 

Fig  1  shows  the  flow  topologies  that  can  occur  for 
the  incompressible  (P  -  0)  case.  In  this  figure,  the 
intersection  of  the  surface  dividing  real  and  Imaginary 
eigenvalues  with  the  plane  P  >  0  is  given  by 

r.±2^(.Q)“ 

Matrices  with  invariants  below  this  line  have  real 
eigenvalues,  while  those  with  Invariants  above  It  have 
one  real  and  two  Imaginary  eigenvalues. 

For  incompressible  flow,  the  mechanical  dissipation 
of  energy  clue  to  friction  is  related  to  the  second  Invariant 
of  the  rate  of  strain  tensor  by 

0  ■  2vSfSf  =  •4vQ,  (7) 
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Hence,  large  negative  values  of  0$  correspond  to  large 
values  of  the  dissipation.  Similarly,  for  Incompressible 
flow, 

Q“2  (8) 

Therefore  large  positive  values  of  Q  Indicate  that  locally 
the  enstrophy  is  large  and  dominates  the  strain  while 
large  negative  values  of  Q  indicate  the  reverse. 

RESULTS 

Fig.  2  is  a  scatter  plot  of  Q  vs.  R  for  the 
incompressible  mixing  layer  of  Rogers  and  Moser  (1990). 
The  flow  shown  is  at  a  late  stage  In  the  development  of 
the  layer  and  has  a  Reynolds  number  based  on  vorticity 
thickness  of  approximately  3000.  At  this  point  well 
developed  streamwise  vortices  (ribs)  have  formed  and 
the  flow  has  undergone  tertiary  breakdown.  For  the 
velocity  gradient  tensor,  all  possible  Incompressible 
topologies  are  observed.  However,  those  points  which 
He  far  from  the  origin  tend  to  have  a  geometry  of  either 
stable  focus/stretching  or  unstable-node/saddle/saddle. 

Fig.  3  IS  the  Qs  vs.  R|  scatter  plot  for  the  same  flow. 
Since  the  rate-of-strain  tensor  Is  symmetric,  its 
eigenvalues  are  constrained  to  be  real.  No  other 
constraints  on  where  the  points  may  lie  are  known  to 
exist.  Despite  this,  the  highly  dissipating  fine  scales  tend 
to  He  well  into  the  right  half  of  the  accessible  space, 
corresponding  to  an  unstable-node/saddle  "nddle  flow 


Rg.  1  Q-R  Invariant  space  for  incompressible  flow, 

geometry.  This  is  in  agreement  with  the  results  of  a 
study  of  homogeneous  Isotropic  and  homogeneous 
sheared  turbulence  by  Ashurst  ef.  at.  (1967),  as  well  as 
studies  of  the  development  of  singularities  In  the  Euler 
equations  by  Pumir  and  SIggla  (1990),  and  the  evolution 
of  velocity  gradients  In  homogeneous  turbulence  by 
Qlrimaji  and  Pope  (1990). 

Scaling  arguments  have  been  put  forth  by  Chen  ef. 
al.  (1990)  which  indicate  that  the  highly  dissipating 
motions  should  be  expected  to  He  near  a  line  given  by 

R-K(-Q)“  (9) 

where  the  coefficient  K  may  be  a  function  of  Reynolds 
number  and/or  flow  type.  Further  study  Is  required  to 
determine  why  the  unstable-node/saddle/saddle  form  Is 
so  strongly  preferred,  and  to  confirm  the  existence  of  a 
functional  relationship  between  the  second  and  third 
Invariant  of  the  rate-of-strain  tensor. 

Figs.  4  and  6  are  plots  of  0  vs.  R  and  Qs  vs.  Rs  for 
the  compressible  rrixing  layer.  At  this  time  In  the 
simulation,  the  Reynolds  number  based  on  vorticity 
thickness  is  approximately  1600.  Again  the  velocity 
gradient  tensor  tends  to  have  fine  scale  motions  which  lie 
In  the  second  and  fourth  quadrants.  Similarly,  the  rate- 
of-strain  tensor  has  fine  scale  motions  whose  geometry  is 
nearly  exclusively  unstable-node/saddle/saddle.  The 
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Fig  3  Qs  vs.  Rs  for  the  incompressible  mixing  layer. 

scatter  In  the  fine  scales  are  greater  than  for  the 
incompressible  mixing  layer.  This  may  be  due  to  the 
lower  Reynolds  number  of  the  flow. 

Fig.  5  is  a  plot  of  Q  vs.  P  for  this  flow.  Note  that,  for 
the  fine  scales,  P  Is  small  compared  to  the  other 
Invariants.  This  implies  that  compressibility  has  only  a 
weak  affect  on  the  local  flow  geomet^  of  these  scales 
and  that  the  dissipation  at  these  points  Is  very  nearly  the 
incompressible  dissipation,  which  is  proportional  to  the 
second  invariant  of  the  rate-of-strain  tensor. 

Figs  7  and  8  are  plots  of  Q  vs.  R  and  0$  vs.  Rs  for  the 
incompressible  wake  This  simulation,  at  a  Reynolds 
number  based  on  the  initial  half  width  of  500,  is  still  very 
early  in  its  development.  Despite  this,  the  same  trends 
are  present.  Although  there  is  more  scatter  than  In  the 
more  well  developed  flows,  there  is  still  a  tendency  for 
the  invariants  of  the  fine  scales  in  the  velocity  field  to  lie 
in  the  second  and  fourth  quadrants  and  for  the  rate-of- 
strain  tensor  to  have  an  unstable-node/saddle/saddle 


Fig  5  Q  vs  P  for  the  compressible  mixing  layer 
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Fig  7  Q  vs.  R  for  the  incompressible  wake 


Fig  8  Qs  vs  Rs  for  the  incompressible  wake 


topolog, 

Figs  a  through  1 1  are  plots  of  Q  vs  R,  Q$  vs.  Ps.  and 
Qf;  vs.  Rs  for  the  compressible  wake.  Again  the  same 
trends  In  the  data  occur.  Fine  scale  motions  favor  the 
second  and  fourth  quadrants  of  the  Q  vs.  R  plot,  P  is 
relatively  small,  and  the  rate-of-strain  field  has  unstable- 
node/raddle/saddle  topuluyy.  This  is  the  lowest 
Reynolds  number  flow  presented,  with  a  Reynolds 
number  based  on  the  freestream  velocity  and  the  Initial 
half  width  of  300.  This  accounts  for  the  sparseness  of 


Fig  9  Q  vs.  R  for  the  compressible  wake 


Fig  10  Q,  vs.  Ps  for  the  compressible  wake. 


the  fine  scale  motions  and  may  also  account  for  the  wide 
scatter  of  these  scales  In  Os-Rs  space. 

To  study  the  relationship  between  the  strain  and 
vorticity,  the  alignment  of  the  local  voiticity  vector  with  the 
principal  strain  directions  for  the  fine  scale  motions  in  the 
mixing  layers  was  computed  Figs.  1 2  through  1 4  are  the 
alignment  probability  distributions  for  the  Incompressible 
mixing  layer  tor  sets  of  points  conditioned  on  different 
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12  Incompressible  mixing  layer  vortidty  alignment 
with  principal  strain  directions.  |Qs|  2  0  09 


Fig.  13  Incompressible  mixing  layer  vortlcity  alignment 
with  principal  strain  directions.  |Qs|  2  2.0. 


minimum  values  of  Qs.,  hence  different  levels  of 
dissipation  Fig.  12  Is  the  distribution  for  points  which 
have  a  IQsl  greater  than  0.09,  which  Is  approximately  the 
value  which  would  be  produced  by  the  mean  shear  if  the 
flow  were  laminar.  For  this  conditioning,  there  is  only  a 
weak  preference  fcr  the  vorticity  to  align  with  any  given 
strain  direction  In  the  mean  Fig.  13  is  the  same  data  but 
with  a  lower  limit  cutoff  of  fOgl  >  2.0,  roughly  20  times  the 
value  due  to  mean  shear.  For  this  level  of  dissipation, 
the  vorticity  has  a  distinct  tendency  to  align  along  the 
direction  of  the  Intermediate  (aj)  s'rain. 

Fig  14  is  the  alignmen*  distribution  for  only  the  most 
dissipating  points.  Here  the  vorticity  aligns  itself  V07 
strongly  along  the  Intermediate  strain  direction  Note 
that,  since  the  rate-of-strain  topology  for  these  points  is 
unstable-node/saddle/saddle,  the  intermediate  strain  is 
positive  Again,  this  is  consistent  with  the  results  of 
Ashurst  et  al.  (1987),  Girimaj,  and  Pope  (1990),  and 
Pumir  and  Siggia  (1990)  as  well  as  asymptotic  studies  of 
a  modified  set  of  Euler  equations  by  Vieliefcsse  (19B4). 

Fig.  15  IS  the  alignment  dislnbution  lor  the  strongly 
dissipating  points  in  the  compressible  mixing  layer 


Fig.  14  Incompressible  mixing  layer  vorticity  alignment 
with  pnncipal  strain  directions  (Qsl  a  9. 1 


Fig  15  Compressible  mixing  layer  vorticity  alignment 
with  principal  strain  directions.  |Qsl  2  2.0. 
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Again,  the  vortieity  vector  tends  to  align  with  the 
intermediate  'ate  of  strain.  While  this  aspect  of  the  wake 
flows  has  yet  to  be  ‘*udled,  it  is  expected  that  the  same 
trends  will  appeu' 

CONCLUSIONS 

The  tine  scale  motions  of  the  direct  numencal 
simulations  studied  appear  to  be  characterized  by 
relatively  simple  relations  between  the  second  and  third 
invariants  of  the  rate-of-strain  tensors.  The  possibility 
that  a  triple  product  (Rs)  can  be  simply  related  back  to  a 
double  product  (0$)  Is  significant  in  that  it  could 
contribute  to  a  closure  hypothesis  for  the  contnbutlon  of 
underresolved  fine  scale  motions  to  momentum  and 
energy  transport. 

The  procedure  outlined  here  needs  to  be  applied  to 
a  greater  variety  of  direct  numerical  simulations. 
Including  higher  Reynolds  number  flows,  to  determine  if 
the  trends  observed  between  Q,  and  Rj  are,  indeed, 
universal. 

Work  on  expanding  the  study  to  higher  Reynolds 
number  flows.  Including  free  and  wall-bounded  turbulent 
flows.  Is  in  progress.  It  is  expected  that  these  higher 
Reynolds  number  flows  will  reinforce  the  trends  observed 
thus  far 

If  the  trends  seen  in  the  completed  studies  are  found 
to  be  universal  and  If.  at  high  Reynolds  number,  these 
trends  are  found  to  characten'ze  the  motions  responsible 
for  a  significant  part  of  the  total  dissipation  of  kinetic 
energy,  this  will  constitute  a  significant  step  towards  a 
better  understanding  of  fine  scales  in  turbulent  flow. 
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ABSTRACT 

It  IS  shown  that  the  Weierstrass-Mandelbrot  function 
simulates  the  irregulaniy  in  a  turbulent  velocity  record  and 
yields  correct  forms  for  the  energy  and  dissipation  spectra.  In 
particular,  the  universal  properties  of  a  corresponding  mulli- 
fractal  funenon  are  demonstrated  by  showing  its  ability  to 
reproduce  and  explain  turbulent  flow  spectra  measured  near  the 
walls  of  straight  and  curved  channels  and  in  the  obstructed 
space  between  a  pair  of  disks  corotaung  in  an  axisytnmetnc 
enclosuic.  The  simulation  capabilities  of  the  multi-fractal 
function  strongly  suggest  that  turbulence  is  fractal  in  the  fre¬ 
quency  range  of  the  turtiulent  energy  spectrum  where  the  slope 
of  the  logarithm  of  the  spectrum,  G,  is  -3  <  0  <  -1.  The  scale- 
independent  frequency  range  of  the  energy  spectrum  correctly 
represented  by  the  multi-fractal  function  includes  the  isotropic 
dissipauon  subrange  (-3  <  G  <  •,^/3),  the  menial  subrange  (G 
■S/3),  and  the  "inner"  ponion  of  the  anisotropic  large-scale 
subrange  (-5/3  <G<-1) 


1  UgRQP-UmON. 

The  subject  of  flactal  mathematics  is  important  because 
of  the  demonstrated  ability  of  fractals  to  desenbe  and  quantify 
disorderly  geometnes  and  chaotic  phenomena  The  fractal  pro¬ 
perties  or  fully  developed  turbulence,  a  fluid  flow  phenomenon 
charactetieed  by  disorderly  behavior,  have  recently  become  the 
subject  of  intensive  studies.  The  first  to  apply  fractal 
mathematics  to  turbulence  was  Mandelbrot  [1974, 1975, 1976, 
1983].  Subsequent  researchers  include  Frisch  el  al.  (19781, 
Chonn  (1981, 1988),  Lovejoy  [1982],  Ileutschel  and  Ptwaccia 
[1983a,  1983b),  Meneveau  and  Sreenivasan  (1987]  and  Tur- 
cotte  (1988).  The  research  on  the  fractal  properties  of  tur¬ 
bulent  flows  has  concentrated  ptimaniy  on  characterizing  the 
energy  distnbunon  among  the  various  scales  of  motioi.,  or 
eddies,  and  the  transfer  of  this  energy  from  large  to  small 
eddies  It  deals  mostly  with  scaling  turbulent  energy  content 
as  a  function  of  eddy  size  and  represenbng  the  scaling  process 
through  fractal  dimensions.  In  this  regard,  we  note  especially 
the  "curdling"  approach  of  Mandelbrot  (1983)  to  denve  a  frac¬ 
tal  model  of  turbulence  accounting  for  us  intermittent  and  dis¬ 
sipative  nature. 

The  shape  of  the  time  signature  for  velocity  in  a  statisti¬ 
cally  steady  (stationary)  high  Reynolds  number  tuibulem  flow 
IS  a  highly  uregular  line  that  defies  description  by  analytical 
functions  The  fact  that  previous  researchers  have  found  that 
the  eddy  structure  of  turbulent  flows  can  be  modeled  using 
fractal  concepts  suggested  to  us  that  the  turbulent  velocity 
itself  might  be  described  by  a  multi-fractal  function  In  this 
work  we  demonstrate  that,  in  addition  to  producing  a  time 
sequence  that  closely  resembles  a  measured  turbulent  veloaty 
record,  the  use  of  the  Weierstrass-Mandelbrot  (W-M)  fiactiu 
function,  in  the  context  of  a  multi-fractal  formulation,  yields 
correct  forms  for  the  energy  and  dissipation  spectra  of 
turbulence  over  a  frequency  range  that  includes  inertial  (large 
and  anisotropic)  and  dissipabve  (small  and  isotropic)  scales  of 
motion.  The  simulation  capabilihes  of  the  multi-fractal  forniu- 
lauon  arc  illustrated  by  showing  its  ability  to  reproduce  and 
explain  tuibulem  flow  spectra  measured  near  the  walls  of 
straight  and  curved  channels  and  in  the  obstructed  space 
between  a  pair  of  corotaung  disks  in  an  axisymmetric  enclo¬ 
sure 


2.  FRACTAL  REPRESENTATION  OF  TURBULENT 

VELOCITY 

The  friictal  properties  of  the  W-M  function  were  recog¬ 
nized  by  Mandelbrot,  and  the  function  is  used  to  describe  frac¬ 
tal  geomeuies  (Mandelbrot  1983,  Peitgcn  and  Saupe  1988, 
Feder  1988).  Mandelbrot  1 1983]  actually  suggested  using  the 
W-M  funenon  to  desenbe  the  trajectory  of  a  panicle  in  tur¬ 
bulent  flow.  In  this  section  we  argue  that  the  fractal  com¬ 
ponent  of  turbulent  velocity  can  be  represented  by  a  multi¬ 
fractal  W-M  function.  In  Section  3  we  show  that  this  assump¬ 
tion  yields  correct  forms  for  the  energy  and  dissipation  s|>ecira 
over  a  wide  range  of  frequencies  in  toh  isouopic  and  anisuo- 
pic  flows  and  we  demonstrate  a  practical  application  of  our 
findings  to  rotating  disk  flows.  Section  4  presents  the  conclu¬ 
sions  of  this  work. 

The  basic  form  of  the  W-M  function  employed  is- 

u(t)  =  A  2  (1) 

nani  to" 

In  Eq.(I),  t  represents  time  for  an  analysis  performed  in  fre¬ 
quency  space,  or  the  homogeneous  direcnon  of  the  flow  for  an 
analysis  performed  in  wavenumber  space.  Accordingly,  the 
quantity  ti)  represents  frequency  or  wavenumber  The  vanable 
u(t)  represents  velocity,  A  is  a  constant,  H  is  a  constant  scaling 
factor  related  to  the  metal  dimension,  D,  toe  b",  b  is  a  con¬ 
stant  and  n  IS  a  running  integer  in  the  summation  The  summa¬ 
tion  limits,  n|  and  nj,  are  determined  by  substituting  the  smal¬ 
lest  (tOj)  and  largest  (toj)  values  of  the  frequencies  (or 
wavenumbers)  to  be  represented  by  the  fractal  function  into  the 
definition  of  ci>. 

The  W-M  function  has  been  studied  extensively  by  Singh 
(1953),  Berry  and  Lewis  [1980]  and,  more  recently,  by  Majum- 
dar  (1989).  It  has  been  shown  that  the  function  given  by  Eq. 
(1)  IS  fractal,  i  c  continuous,  non-differcntiable  and  self-affinc 
for  b  >  1  and  0  <  H  <  1  The  mathematical  constraints  on  H, 
listed  in  Table  1 ,  are  set  by  the  fact  that  for  H  <  0  the  senes 
does  not  converge,  while  for  H  >  1  the  series  generates  an 
analytical  function  that  is  continuous  and  differentiable:  see, 
for  example,  Singh  (1953),  Mandelbrot  (1983),  or  Peilgen  and 
Saupe  (1988).  The  parameter  b  determines  the  density  of  the 
spectrum  of  u(l).  To  achieve  a  spectrum  that  corresponds  to  a 
random  u(t)  profile,  b  must  be  chosen  in  such  a  way  that  its 
powers,  which  form  the  frequency  spectrum,  are  not  multiples 
of  a  basic  frequency.  Majumdar  [  1989]  has  shown  that  for  b  = 
1.5  the  simulation  of  a  random  profile  results.The  relation 
between  the  scaling  factor  H,  the  fncal  dimension  D  and  the 
Euclidean  dimension  E  is  given  by  Peitgcn  and  Saupe  (1988): 

H  =  E-l-l-D  (2) 

where,  in  the  present  application,  tune  (or  sjiace)  has  an 
Euclidean  dimension  E  •  1.  It  should  be  emphasized  that  both 
H  and  D  are  representations  of  fractal  dimensions,  i.e.  scale- 
independent  measures. 

Examples  of  time  sequences  for  the  W-M  function  have 
been  calculated  by  Berry  and  Lewis  [1980]  in  a  study  aimed  at 
characterizing  the  appemince  of  the  function  in  terms  of  its 
governing  parameters,  b  and  D.  Figure  I  shows  our  numerical 
evaluation  of  the  W-M  function  corresponding  to  Eq.  (1)  in 
the  interval  1.5  -  2.5  seconds  for  the  conditions  of  the  figure. 
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(Note  that  while  the  choice  of  fme  interval  for  representing  the 
function  IS  artiitrary,  by  avoiding  the  ongin  t  ~  0  we  avoid  hav¬ 
ing  to  deal  with  a  function  that  contains  infinitely  many  b- 
penoda  in  the  interval  of  interest.)  The  irregularity  of  the  cal¬ 
culated  profile  is  not  unlike  that  of  a  typical  turbulent  velocity 
record  and  raises  the  question:  Can  the  W-M  fractal  function 
he  used  to  represent  the  scale-independent  turbident  cotn- 
ponent  of  velocity?  We  note  that  while  other  functions  might 
also  achieve  a  similar  apparently  irregular  behavior  (for  exam¬ 
ple,  Frost  [1977]  discusses  the  use  of  improper  Founer-Stieljes 
inters  to  represent  a  stationary  random  process  as  a  sum  of 
sinusoids  of  all  frequencies  each  having  a  random  amplitude) 
none  of  them  embodies  the  simplicity  of  the  present  function. 

Based  on  the  investigations  of  the  W-M  function  by  Berry 
and  Lewis  |1980]  and  Majumdar  [1989|,  we  propose  to  use  a 
deterministic  multi-fractal  W-M  function  to  represent  the  frac¬ 
tal  component  of  turbulent  velocity,  up<t).  The  form  of  this 
function  IS 

Uf<0  =  £A,  2  (3) 

P  tiS,, 


where,  as  before,  (i)  =  b",  b  is  a  constant  (b  >  1),  and  b"*"  is  the 
largest  frequency  in  the  series.  The  and  H,  are  scale- 
independent  constants,  and  0  <  Hj  <  !  is  a '  cnsiraint  on  Hj. 

This  multi-fractal  formulation  is  a  generalization  of  the 
observation  by  Majumdar  1 1989),  that  the  W-M  fractal  func¬ 
tion  can  be  decom^sed  into  two  functions  0  =  1  and  2)  each 
of  which  has  the  same  constant  value  of  b  >  1,  each  of  which 
exists  between  specified  fr^uencies,  given  by  njj  and  n^,, 
respecuvely,  and  each  of  which  has  a  constant  scaling  factor  H, 
(or  dimension  IX  according  to  Eq  (2))  in  ns  frequency 
range.The  sum  of  the  different  dimension  functions  in  (3) 
will  remain  fractal  provided  that  b  >  1  and  that  in  each  fre¬ 
quency  interval  the  constraint  on  Hj  t$  obeyed. 

In  addition  to  closely  resembling  a  time-  (or  space-) 
dependent  turbulent  velocity  necoid,  we  now  show  that  the 
proposed  multi-fractal  W  M  representation  of  turbulent  velo¬ 
city  yields  other  important  turbulent  flow  properties  such  as  the 
correct  forms  for  the  energy  and  dissipation  spectra  for  fully 
developed  lurhuience.  We  will  also  show  that  through  its  spe¬ 
cial  charactensQcs  the  multi-fractal  function  encompasses  a 
universal  behavior  of  turbulent  Hows  that  is  not  captured  by 
other  analytical  formulations  of  comparable  simplicity. 


Turbulent  velocity  is  an  irregularly  fluctuating  quantity 
that  cannot  be  exactly  represented  analytically  As  a  result, 
turbulent  flows  are  frequently  characterized  by  their  energy 
spectra  The  energy  spectrum  m  frequency  space  is 
obtained  according  to  the  well  known  relation: 

T 

E(to)  =  j.- 1  j  u(t)  exp(itiK)dt  1 2  (4) 


The  discrete  energy  spectrum,  Sj,  for  the  multi-fractal  function 
expressed  by  Eq  (3)  follows  from  that  for  the  W-M  function 
i'  Berry  and  Lewis  [1980]  and  is: 

Sj(«)  =  A/  ^  j=l..m,  b""<(o<b"’  (5a) 

iwijj  (0")  * 


where  8  is  the  Duac  delta  function  The  corresponding  con- 
unuous  energy  spectrum  is  obtained  by  averaging  Sj  over  a 
range  Aw  including  An  frequencies  b".  The  result  is; 


b""  <  to  <  b"’'(5b) 


which  IS  an  exact  expression  in  each  of  the  different  dimension 
domains  tn  the  limit  when  b-+l 

From  Eqs.  (2)  and  (5b)  it  follows  ihai,  in  any  frequency 
(or  wavenumber)  interval,  the  scaling  factor.  H,,  and  the 
corresponding  fractal  dimension,  Dj,  are  related  to  the  slope  of 
the  logarithm  of  the  continuous  energy  spectrum,  Gj,  through- 

H,  =  -(G,-H)/2  (6) 

Dj  =  (G,-f5)/2  (7) 


The  mathematical  constraints  on  the  H,,  listed  in  Table  1,  result 
in  corresponding  constraints  on  the  slope,  Gj,  in  the  interval  of 
the  spectrum  that  the  j'th  W-M  function  represents  The  con¬ 
straints  imply  that  the  W-M  functions  composing  Eq  (3)  are 
fractal,  and  hence  scale-independent  and  self-aff.ne.  only  in  the 
range  -3  <  Gj  <  -1  Therefore,  the  use  of  Eq.  (3)  to  represent 
turbulent  velocity  implies  that  the  turbulence  represented  is 
fractal,  and  that  the  representation  is  valid  only  in  the  fre¬ 
quency  range  of  the  turbulent  energy  spectrum  for  which  the 
slope  of  the  logarithm  of  the  spectrum  obeys  the  constraint. 

-3<G,<-1  (8) 

Figure  2  shows  numerically  computed  discrete  and  continuous 
spectra  for  the  time  record  of  Figure  I .  The  slope  of  the  con¬ 
tinuous  spectrum  is  very  close  to  G  »  -  5/3,  in  agreement  with 
the  value  for  G  set  by  the  value  for  H  used  to  calculate  the  time 
record. 

We  now  consider  the  case  of  locally  isotropic  turbulence, 
to  show  that  Eq.  (5b),  subject  to  E.,.  (8),  includes  the  equili- 
bnum  range  of  the  turbulent  spectrum,  described  below.  We 
also  show  that  Eq  (7)  predicts  a  fracud  dimension  for  the  iner¬ 
tial  subrange  of  the  equilibrium  range  that  is  identical  to  that 
obtained  by  other  researchers  using  other  methods.  Finally,  we 
demonstrate  the  simulanon  capabiTiues  of  the  multi-fractal  for¬ 
mulation  for  some  anistropic  turbulent  flows  near  walls  in 
straight  and  curved  channels  and  in  the  obstructed  space 
between  a  pair  of  corotaimg  disks. 

3  1  LOCALLY  ISQ-raOPlC  TURBULENCE 

Turbulent  flows  are  dissipative  and,  to  be  maintained, 
they  require  a  continuous  supply  of  energy  to  overcome  the 
defomution  work  performed  by  the  viscous  shear  stresses 
Most  of  the  viscous  dissipation  of  turbulent  kinetic  energy 
occurs  at  the  smallest  (Kolmogorov)  scales  of  monon,  while 
most  of  the  turbulent  energy  itself  is  contained  m  much  larger 
scales  of  motion,  the  largest  of  which  interact  directly  with  the 
mean  flow;  see  Tennekes  and  Lumley  (1972)  Calling  I  and  q 
the  length  scales  characteristic  of  the  energy-comaiiiing  and 
dissipative  scales  of  motion  respecuvely,  it  is  readily  shown 
that  //  q  =  R?i*,  where  Rj  =  (u/v  is  the  turbulence  Reynolds 
number  based  on  /  and  its  associated  characteristic  tuibuicni 
velocity,  u.  The  quantity  v  is  the  fluid  kinematic  viscosity 
For  the  high  values  of  Ri  typical  of  turbulent  flows,  the  ( and  q 
scales  of  motion  lie  several  decades  apart. 

For  large  values  of  R;,  the  time-averaged  dynamics  of  the 
microscale  turbulent  motion  become  independent  of  orienta¬ 
tion.  In  this  case,  the  condition  of  local  isotropy  prevails;  see 
Kolmogorov  in  Friedlander  and  Topjxr  |196I]  The  range  of 
eddy  wavenumbers  possessing  local  isotropy  is  referred  to  as 
the  equilibriun.  range  and,  in  this  range,  the  turbulent  energy 
spectrum  is  desenb^  by  the  following  scaling  law,  due  to  Kol¬ 
mogorov: 


where  E(k)  is  the  energy  associated  with  an  eddy  of  size 
2n/K(K  Ixing  the  eddy  wavenumber),  q  =  (v^'c)'^  ts  the  Kol¬ 
mogorov  microscale,  v  =  (ve)'A  u  the  Kolmogorov  velocity 
and  e  is  the  rate  of  dissipation  of  turbulent  kinetic  energy  By 
contrast,  the  scaling  law  for  the  spectrum  of  the  anisotropic 
large-scale  nxttion  is- 

^  =  F(icO  (10) 

and  varies  with  the  flow  geomeqy.  Thus,  unlike  bq.  (9),  Eq. 
(10)  is  not  universal. 

Because  most  of  the  viscous  dissipation  occurs  about  the 
Kolmogorov  scale,  the  equilibrium  range  encompasses  the  dis¬ 
sipation  range  The  spectrum  of  the  dissipation  is  given  by: 

U(IC)  =  2v  blK)  Vil) 


Tennekes  and  Lumley  [1972]  show  that  when 
Kf  iril  -»  0  and  Rj  -♦  €»,  Eqs  (9)  and  (10)  overlap  in  a 
viscosity-independent  region  of  the  spectrum  described  by; 


S^  =  a(Kll)“50  (12a) 

or,  equivalently. 

-SlJi  =  adefl-’o  (12b) 

u^l 

where  a  =  1  5,  approximately  Either  one  of  Eos  (12) 
describes  the  scale-independent  ineraal  subrange  of  the  equili¬ 
brium  spectrum  in  fully  developed  turbulent  flow,  rtom  Eqs 
(1 1)  and  (12a)  it  follows  that  the  spectrum  of  the  dissipation  in 
the  inertM  subrange  is' 

D(ic)  =  2aqe  (lai)W  (13) 


Figure  3,  from  Tennekes  and  Lumley  |1972|,  shows  typi¬ 
cal  shapes  of  nondimensional  energy  and  dissipation  spectra 
for  R;  =  2  X  lO*.  cotresponding  to  i)'n  =  lO^-  The  figure  also 
shows  the  shapes  of  the  spectra  near  the  ends  of  the  menial 
subrange  where  the  effects  of  dissipation  (at  high  wavenumber) 
and  energy  production  (at  low  wavenumber)  must  be  con¬ 
sidered  when  evaluating  the  energy  flux  across  wavenumber 
space. 

Over  the  wavenumber  range  in  Fig.  3  for  which  -3  <  G  < 
-1,  the  energy  spectrum  can  be  correctly  represented  by  that  of 
the  propos^  multi-fractal  function  For  example,  in  the  iner¬ 
tial  subrange  of  the  equilibnum  spectrum  we  know  that  G  - 
■5/3,  which  falls  within  the  range  of  the  multi-fractal  represen¬ 
tation  In  addition,  substitution  of  this  value  of  G  into  Eq  (7) 
yields  D  =5/3  as  the  fractal  dimension  of  turbulent  velocity  in 
the  inertial  subrange.  This  is  the  value  of  D  predicted  by  (>o- 
nn  (1988)  for  the  support  of  dissipation  by  means  of  a  very  dif¬ 
ferent  analysis  involving  vortex  elements 

The  multi-fractal  velocity  function  given  by  Eq.  (3)  also 
represents  the  dissipation  spectrum  correctly.  This  can  be 
shown  by  substituting  Eq  (5b),  with  (U  replaced  by  K,  into 

Eq  (11)  to  obtain  that  the  slope  of  log  D(ic)  is  1-2H,  or, 
equivalently,  G|-f2.  A  value  of  1/3  is  obtained  for  the  slope  of 
log  D(ic)  in  the  menial  subrange  of  the  spectrum,  where  G  ■ 
•5/3.  This  result  is  in  agreement  with  Fig  2andEq.  (13) 
However,  the  1/3  slope  for  log  D(k)  can  also  be  obtained 
dirtclly  from  du/dt,  the  time  derivative  of  velocity,  without 
resorting  to  the  arguments  leading  to  Eq.  (ll).By  the 
definition  of  the  W-M  function,  its  time  (or  space)  derivauve 
will  diverge  if  the  series  summation  is  taken  over  all  frequen¬ 
cies  (or  wavenumbers)  to  infinity.  However,  for  a  finite  range 
of  fr^uencies  (or  wavenumbers),  it  can  be  shown  (Mandel¬ 
brot,  1983  and  Majumdar,  1989)  that. 

<(^)2>-a>2E(a))  (14) 

where  <  >  denotes  average  over  time  (or  space)  The  spectrum 
of  the  dissipation,  D(k),  is  proportion^  to  <  (du/dt)7  >  and  set¬ 
ting  (0  ■  K  in  Eq.  (14)  shows  the  cotrespondence  b^een  Eqs 
(11)  and  (14)  Thus,  the  slope  of  log  <  (du/dt)7  >  is  also  1/3  m 
the  inerti^  subrange,  which  illustrates  the  consistency  embed¬ 
ded  in  the  use  of  the  W-M  fractal  funcuon  when  used  to 
describe  velocity  in  fully  developed  turbulence 

In  addition  to  modeling  the  inertial  subrange  correctly,  in 
the  high  frequency  limit  corresponding  to  G  »  -3  the  multi- 
fractal  function  bKomes  continuous  and  differentiable,  as  is 
required  by  a  scale  of  motion  ulhmately  dominated  by  viscous 
effects  Thus  Eq.  (3)  yields  coneet  forms  for  the  energy  and 
dissipation  spectra  of  turbulence  as  a  function  of  increasing 
frequency  (or  wavenumber) 

3.2  ANISTROPIC  FLOWS  NEAR  SURFACES 

The  proposed  e.ipression  for  the  fractal  component  of  tur¬ 
bulent  velocity,  Eq.  (3).  also  accounts  for  the  spinal  charac¬ 
teristics  of  more  complex  anisotropic  flows  such  as  those  near 
solid  oirfaces  For  a  high  Re'''’"'ds  number  flow  along  a  solid 
surface  there  is  a  range  of  distances  y,  normal  to  the  surface, 
where  y  u^  »  1  and  y/8  «  1  simultaneously,  8  being  the 
thickness  of  the  boundary  layer  along  the  surface  and  u^  the 
wall  shear  velocity  In  this  region,  the  structure  of  the  tur¬ 
bulence  is  scale-independent,  since  neither  t(  nor  /  characterize 
the  flow;  y  itself  is  the  only  relevant  length  scale  for  non- 


dimensionalizing  purposes.  This  leads  to  the  "inner  flow" 
scaling  law  discussed  by  Perry  et  al  [  1985],  which  is  the  boun¬ 
dary  layer  analog  of  Eq,  (10)  but  includes  the  inertial  sublayer 
(equivalent  to  the  inertial  subrange  discussed  above) 

Because  the  fractal  component  of  turbulence  ranges  over 
-3  <  G  <  -1  and  fractal  behavior  is  scale  independent,  we 
expect  that  within  this  range  of  G  the  shape  of  the  energy  spec¬ 
tra  should  coincide,  reganiicss  of  the  distance  from  the  wall 
where  the  spectra  are  measured.  Similarly,  because  scale 
invanance  is  a  charactenstic  only  of  fractal  turbulence,  the 
energy  spectra  should  be  observed  to  diverge  outside  this  range 
ofG.  _ 

Typical  of  the  spectra  obtained  in  straight  and  curved 
channel  flows  are  the  results  shown  in  Fig.  4,  taken  from  Hunt 
and  Joubert  [1979].  In  the  plot,  ^  is  the  nondimensional 
intensity-nonnalizcd  spectrum  function  for  the  streamwisc  nor¬ 
mal  stress,  u*.  This  is  plotted  against  k'  =  2ii  f  y/U  where  (by 
the  Taylor  hypothesis)  U  is  the  local  mean  velocity  and  f  the 
(irequ.ncy.  Similar  results  have  been  measured  by  Barlow  and 
Johnston  [1988]  for  the  boundary  layer  on  a  concave  surface, 
and  by  Bradshaw  |I967)  and  Peny  et  al  [1985]  in  flat  plate 
boundary  layers.  From  die  figure  it  is  evident  that  the  shapes 
of  the  spectra  coincide  in  the  interval  -3  <  G  <  -1.  and  tl'a!  they 
can  be  represented  by  Eq.  (5b)  which  is  based  on  the  proposi¬ 
tion  embodied  in  Eq.  (3),  that  the  fractal  component  of  tur¬ 
bulence  can  be  simulated  by  a  scale  invanunt  multi-fractal  W- 
M  function  TTius,  in  spite  of  its  simplicity,  we  find  that  the 
muiu-fractal  funenon  proposed  accounts  for  the  coincidence  in 
shape,  within  the  fractal  range,  of  energy  spectra  measured  at 
various  distances  from  a  straight  or  curved  wall,  as  well  as  lor 
their  divergence  where  G  >  -1 

33  A  PRACTICAL  APPLICATION 

The  results  presented  above  suggest  that  a  turbulent  velo¬ 
city  record  can  be  decomposed  according  lo' 

u(t)  =  Usp(t).£A,  (15) 

^  n»«it  to  ' 

where  the  first  term  represents  the  conmbutions  from  the  non- 
fracti  (scale-dependent  or  imposed)  components  of  motion 
and  the  second  term  represents  the  contributions  from  the  frac¬ 
tal  (scale-independent)  components  of  motion 

We  wish  to  establish  the  foim  of  Eq  (15)  for  the  case  of 
high  speed  flow  past  an  obstruction  in  ihe  space  between  apir 
of  coaxial  corouting  disks  in  an  axisymmetnc  enclosure  This 
flow  configuration  has  been  explored  by  the  first  two  authors  in 
other  work  using  flow  visualization  and  the  laser-Doppler  velo- 
cimetry  technique.  Measurements  of  the  circumferential  com¬ 
ponent  of  velocity,  with  and  without  the  obstruction,  have  been 
reported  by  Usry  et  al  ]1990]  and  Schuler  et  al.  [1990], 
respectively.  Since  the  work  of  Usry  et  al.  [1990],  Kawamura 
et  al.  [1991]  have  attached  a  hot-wire  to  the  downstream  side 
of  the  obstruction.  Figure  5  shows  part  of  a  lypical  time-record 
of  velocity  sensed  by  the  hot-wire.  The  entire  record  (not 
shown)  consists  of  8192  equally-spaced  interconnected  digi¬ 
tized  points  measured  over  a  time  period  of  3.2  seconds  in  a 
flow  routing  at  60  Hz. 

Equation  (7)  sutes  the  relation  between  the  slope,  Gj,  of 
the  energy  spectrum  of  a  fractal  curve  of  dimension  Dj  gen¬ 
erated  by  a  W-M  fractal  function  in  the  interval  b"“ < (0< b"^. 
In  order  to  be  able  to  represent  the  entire  expenmenul  velocity 
record  by  means  of  a  W-M  function,  we  must  first  verify  that. 

a)  the  spectrum  of  the  record  presents  a  power  law  decay;  and, 

b)  independertt  measures  of  Dj  and  Gj  comply  with  Eq.  (7). 

That  the  experimental  velocity  record  yields  a  spectrum 
with  a  power  law  decay  is  shown  in  Fig.  (6).  This  speewm 
is  the  average  of  12  Fourier  transforms  obuined  by  dividing 
the  onginid  time  recrad  into  12  sequential  subrecoids  of  512 
points  each  and  applying  a  FFT  -o  each  subrecord  The  peak  in 
the  spectrum  at  to  »  1130Hz  is  believed  to  be  associated  with 
the  charactenstic  (scale  dependent)  eddy  shedding  frequency 
of  the  obstruction.  That  at  to  »  lOHz  is  known  to  be  due  to  a 
ciTCumfcrenti&lly  pwiodic  intensification  of  txiaWy-aligncd 
component  of  vorticity  known  to  exist  in  this  flow;  sec,  to 
example,  Usry  et  al.  Two  lines,  with  slopes  Gi  *  •  1.1  and  G2 
ss  ■  1 .76,  respectively,  arc  also  indicated  in  Fig.  (6)  and  they 
seen  to  approximate  the  spectrum  reasonably  well  over  the 
ranges  30  <  co  ^  500  and  500  <  (O  S 1500. 
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For  measures  of  D|  ai 'I  Dj  we  eslimaled  the  Hausdorff 
dimension  of  the  onginal  time  lecord  in  each  of  the  above  two 
frequency  intervals.  This  was  done  by  computing  the  length  of 
the  time  record  on  a  successively  rehned  grid  in  the  interval 
0  <  X  T  with  sampling  frequencies  N  =  (n  =  0,  I,.  2,  ) 
We  know  (Mandelbrot  |1983|)  that  the  length,  L,  of  the  curve 
and  IIS  fractal  dimension,  D,  ate  related  according  to 

L-t^ND-'  (16) 

from  which,  in  the  range  10  <  N  <  bOO,  Di  =  1.95  is  obtained 
Similarly,  for  N  >  500,  a  value  of  D2  =  1  62  is  obtained  The 
values  for  Gi  and  G2  used  to  draw  the  straight  lines  in  Fig  (6) 
follow  from  the  subslituuon  of  these  values  of  Dj  into  Eq  (7) 
In  posiuoning  the  straight  lines  in  Fig  (6)  we  have  maintained 
a  coirespondence  with  the  frequency  ranges  for  which  the 
values  of  Di  and  D2  were  determined. 

Strictly,  we  should  have  measured  Gi  and  G2  indepen¬ 
dently  from  Di  and  D2  to  show  that,  within  expenmenial  error, 
the  separately  determined  measures  for  these  quantities  comply 
with  Eq.  (7).  However,  this  approach  introduces  a  level  of 
uncertainty  that  is  unnecessary  to  illustrate  the  point 

It  should  be  clear  that,  subject  to  unavoidable  expenmen- 
tal  limitations,  higher  sampling  frequencies  would  allow  a 
more  continuous  correspondence  in  frequency  space  between 
pairs  of  Dj  and  Gj  The  choice  of  only  two  values  of  j  made 
here  is  simply  for  illustration  purposes.  The  mam  point  is  that, 
for  the  velocity  record  under  consideration,  the  second  condi¬ 
tion  set  above,  that  independent  measures  of  Dj  and  Gj  comply 
with  Eq  (7),  has  been  demonstrated 

With  just  two  values  of  G,  or,  equivalently,  Hj,  known,  we 
now  attempt  to  reproduce  the  fractal  component  of  the  entire 
expenmental  velocity  record.  We  first  fix  the  value  of  b  = 
l.()05  This  allows  us  to  find  the  values  for  nij  and  nj,  in  Eq 
(3)  from  the  relation  «  =  b"  We  find  nii  =  1050  and 
n2i  =  16I4  for  j  =  1  over  the  range  30<ti)S5(X),  and 
ni2=1615  and  022=  1834  for  j  =  2  over  the  range 
5l^  <  (1)  S  1 5(K)  (The  upper  limit  of  to  =  1 500  is  arbitrary  but 
was  made  large  enough  to  include  the  upper  limn  in  frequency 
observed  in  the  expenmental  energy  specmim.) 

The  choice  of  b  =  1  005  ts  dictated  by  the  desire  to  obtain 
a  discrete  energy  spectrum  for  the  W-M  function  which  is  as 
continuous  as  ^ssible  but  sail  lelatively  easy  to  calculate 
numencally  From  Eq  (5a)  it  is  clear  that  peaks  will  appear  in 
the  discrete  energy  spectnim,  S,  ( to ) ,  at  values  of  to  =  b",  see, 
for  example.  Fig.  (2)  for  b  =  1.5  As  b  -♦  1  S,  ( to )  tends 
to  a  conunuous  distribution.  However,  the  range  for  the  sum¬ 
mation  index,  n,  also  increases  with  b  -*  1<*1  and  the  computa¬ 
tional  overhead  to  evaluate  the  function  becomes  larger  The 
present  choice  of  b  =  1  005  represents  a  compromise  between 
an  acceptable  continuity  in  the  energy  spectrum  and  a  reason¬ 
able  amount  of  compuuilional  effort. 

Values  for  Aj  and  A2  in  Eq  (3)  were  determined  as  fol¬ 
lows  The  rano  A2  /  Aj  was  obtained  from  Eq  (5b),  subject  to 
the  requirement  that  Ei  (500Hz)  =  Ej  (500Hz)  in  older  to  avoid 
a  jump  in  energy  in  the  average  spectrum  at  the  500  Hz  transi¬ 
tion  point.  From  this  it  follows  that  A2/A1  =  («**'' 
which,  for  to  =  500  2  It,  yields  A2/A1  =  14.26  The  value  of 
Ai  was  then  determined  by  adjusting  the  average  energy  of  the 
anificial  signal  to  match  that  of  the  measured  time  record  at  to 
=  100  Hz  which  IS  near  the  center  of  the  range  for  j  =  1.  The 
results  obtained  were  Aj  =  0  0647  and  Aj  =  0.923,  respec¬ 
tively 

For  the  present  application,  the  scale-dependent  velocity 
components  are  given  by 

usdW  =  Asdi  cosftOsDi  0  +  Astn  cosftosD;  (17), 
In  this  equaaon,  we  can  immediately  set  (Ojoi  =  10  Hz  and 
(i)SD2  =  1130  Hz  from  the  expenmental  energy  spectrum  plot¬ 
ted  in  Fig  (6).  The  values  Aspi  =  0  20  and  Ask  =  0  05  were 
determined  in  exactly  the  same  wav  as  was  done  for  Ai 

The  final  form  of  the  velocity  record  simulated  by  Eq. 
(15)  with  the  above  set  of  values  is  plotted  in  Fig  (7)  The 
corresponding  energy  specoum  is  shown  in  Fig.  (8).  The  simi¬ 
larity  between  these  two  figures  and  the  corresponding  Figs 
(5)  and  (6)  for  the  real  record  is  notewonhy  It  is  hard  to  dis¬ 
tinguish  between  the  real  and  artificial  signals  merely  from  an 
inspecaon  of  their  respective  time  records  or  the  associated 
sp^tra. 


4.  CONCLUSIONS 

A  new  multi-fractal  function  has  been  proposed  for 
representing  the  scale-independent  component  of  turbulent 
velocity  The  function  closely  resembles  the  appearance  of  a 
turbulent  velocity  record  and  yields  correct  values  for  ilie 
energy  and  dissipation  spectra  over  a  range  of  frequencies  that 
includes  anisoaopic  large  scale  motions  at  one  end.  isotropic 
dissipative  scales  of  motion  at  the  other,  and  the  inertial 
subrange  in  between.  The  function  allows  the  derivation  of 
relatively  simple  analytical  expressions  for  the  representation 
of  both  isotropic  and  anistropic  turbulence.  In  addition  to  its 
simulation  capabilities,  illustrated  here  for  the  case  of  the  flow 
past  an  obstruction  between  coroiabng  disks,  the  properties  of 
the  function  allow  an  improved  understanding  of  the  physics  of 
turbulence  'uch  as,  for  example,  the  wall-independent  shape  of 
energy  spectra  in  channel  flows. 

Of  potenbal  use  for  turbulence  modeling  purposes  in  the 
case  of  high  speed  turbulent  shear  flows  admitnng  Taylor's 
hypothesis  (see  Hinze  (1975))  are  the  results  that  the  fractal 
contrthutions  to  the  turbulent  kinetic  energy, 

k  =  1/2  <u(i)u(t)>  =  1/2 1  E(co)dci)  (18) 

and  Its  (isotropic)  rate  of  dissipation, 


e  =  <  (-^j^  >  =  I  tip  E(to)da)  (19) 


respectively  In  these  expressions,  U  is  the  local  mean  velocity 
of  the  shear  flow,  and  ti>ij  and  0)2,  correspond  to  the  piecewise 
representauon  of  Hj. 

We  conclude  by  noung  that  the  multifracial  W-M  formu- 
laOon,  developed  here  in  frequency  space,  can  also  be 
developed  in  wavenumber  space  Likewise,  the  deterministic 
nature  of  the  W-M  ffacul  function  we  employed  can  be  ren- 
lered  slochasoc  as  explained  in  Berry  and  Lewis  (1980),  by 
adding  a  random  phase  to  the  argument  of  the  sine  term  in  Eq 
..})■ 
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Figure  1  Calculated  nme  sequence  of  the  W-M  function  using 
Eq  (1)  with:  A  =  1,  b  =  1.5,  H  =  1/3  (D  =  5/3)  In  the  senes 
nl  =  1  and  n2  =  50,  respectively. 


Figure  2  Calculated  discontinuous,  S(ti)),  and  averaged,  E(tu), 
energy  spectra  for  the  time  sequence  of  Fig  1 


Table  I,  Allowed  ranges  of  the  energy  spectrum  slope,  G,  that 
can  be  represented  by  the  W-M  fractal  function  as  a  result  of 
the  constraints  on  H  or,  equivalently  D 


Character  of  the 

Constraint  on  H 

Coiresponding 

W-M  Function 

(orD) 

Constr»-nt  on  G 

Diverging 

H<0 

G>-1 

(D>2) 

Fractal 

0<H<1 

-3<G<-1 

(1  <D<2) 

Differentiable 

H>  1 

G<-3 

(D<1) 

Figure  3.  Normaltzed  energy  and  dissipation  spectra  for 
Ri=2  10^  according  to  Tennekes  and  Lumley  [1972],  Dashed 
lines  indicate  cutoffs  for  approximate  spectra  given  analyti¬ 
cally  by  these  authors.  Reproduced  with  permission  from  MIT 
press. 
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Figure  5  Segment  of  the  velocity  time  record  measured  by  the 
hot-wire  in  the  obstructed  space  between  corotating  disks 


Figure  6.  Energy  spectrum  of  the  entire  velocity  time  record 
corresponding  to  Fig.  (5).  The  peaks  at  10  Hz  and  1130  Hz 
correspond  to  non-turbulent  time-dependent  phenomena  pecu¬ 
liar  to  this  flow  and  described  in  the  text 


Figure  4.  Loganihmic-rcgion  spectra  in  wall  coordinates  for 
straight  ind  curved  channel  flows  according  to  Hunt  and 
Jouben  {1979)  In  the  table  below  y*  =  y  UxA' where  y  is  the 
distance  normal  to  a  wall  and  Ut  is  the  wall  shear  velocity; 
Rn  =  D  UnA  IS  the  flow  Reynolds  number  based  on  the  chan¬ 
nel  width,  D,  and  the  maximum  velocity,  Reproduced 
with  permission  from  Cambndge  University  Press 


y* 

Rnx10-3 

y' 

Rnx10-3 

80 

30 

160 

60 

80 

60 

160 

130 

80 

130 

320 

130 

Figure  7  Portion  of  the  velocity  time  record  generated  by  the 
multifractal  W-M  function  with  its  parameters  determined  as 
explained  in  the  text 


Figure  8  Energy  spectrum  ol  the  entire  velocity  time  record 
corresponding  to  the  segment  shown  in  Fig  (7). 
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ABSTRACT 

New  configurations  of  hOBOgeneous  turbulence 
submitted  to  mean  flow  gradients  are  investigated 
experiaentally,  ranging  from  the  basic  case  of  plane 
strain  to  the  domain  of  rotation  dominated 
elliptical  flows.  I’he  gradients  are  produced  by 
combining  solid  body  rotation  with  plane  strain.  The 
state  of  pure  shear  is  rcali2ed  for  equal  rates  of 
rotation  and  strain.  Very  sat  sfactory  homogeneity 
conditions  are  achieved  for  all  flows.  The  evolution 
of  the  Reynolds  stresses  and  associated  length 
scales  are  determined  by  hot  wire  techniques.  The 
mean  flow  distortion  give  rise  to  c  definite 
decrease  of  the  turbulent  energy  decay  and  a 
pronounced  anisotroplzatlon  of  the  Reynolds  stresses 
and  the  associated  length  scales.  The  discussion  of 
the  results  is  focussed  on  the  Influence  of  the 
rotation  rate/strain  rate  ratio. 

INTRODUaiON 

Various  configurations  of  homogeneous  turbulence 
submitted  to  uniform  mean  flow  distortions  have  been 
investigated  in  the  past.  Flows  of  this  type 
constitute  valuable  test  cases  for  improving  the 
general  physical  understanding  of  the  basic  meca* 
nlsffls  governing  real  world  turbulence.-  They  further 
provide  useful  material  for  data  banks,-  especially 
m  view  of  testing  turbulence  models  in  physical  or 
spectral  space,  or  for  comparing  experimental 
results  with  those  obtained  from  direct  or  large 
eddy  simulations. 

The  particular  cases  of  constant  strain,  solid 
body  rotation  and  pure  shear  have  been  mostly 
investigated  up  to  now.  see  for  a  general  discussion 
the  review  paper  of  QENCE  [1].  In  the  first  case, 
the  flow  distortion  is  located  in  transverse  planes 
and  the  flow  has  constant  velocity  in  the  direction 
perpendicular  to  the  distortion  plane.  This  is  also 
the  case  for  pure  rotation  which  has  recently  been 
reinvestigated  at  the  ONERA  [2].  In  the  case  of 
homogeneous  shear,  most  of  the  previous  experiments 
are  relative  to  situations  where  the  shear  is 
created  In  planes  parallel  to  the  mean  velocity  (as 
it  occurs  in  most  of  the  shear  flows  of  practical 
relevance).  This  implies  that  the  longitudinal 
velocity  component  cannot  be  kept  constant  in 
transverse  planes.  Therefore,;  the  requirements  of 
strictly  homogeneous  shear  flows  can  only  be 
satisfied  partially,  and  it  becomes  difficult  to 
avoid  the  domstreaa  growth  of  transverse  inhomoge¬ 
neity.  A  short  discussion  of  the  corresponding 
experiments  is  given  in  [3], 

Recently,  a  new  method  of  generating  homogeneous 
ttirbiilpot-  shper  Flnws  has  been  developed  at  the 
ONERA,  which  results  from  the  superposition  of  solid 
body  rotation  with  plane  strain  of  the  same  rates 
[3]«[^]*  This  provides  uniform  sheer  acting  In 
planes  perpendicular  to  the  main  flow  direction., 
instead  in  planes  parallel  to  it. 


The  main  features  of  the  action  of  transverse 
shear  on  the  turbulence  field  were  found  to  be  a 
definite  decrease  of  the  turbulent  energy  decay  and 
a  pronounced  anisotroplzatlon  of  the  Reynolds 
stresses  and  the  associated  length  scales.  Due  to 
the  particular  mode  of  shear  generation,  the  flow 
distortion  affects  principally  the  turbulence 
quantities  relative  to  the  distortion  plane,  whereas 
those  relative  to  the  longitudinal  direction  are 
only  weakly  influenced.  The  Reynolds  stresses  and 
the  length  scales  develop  xn  a  quite  similar  way  to 
chat  observed  i  the  case  of  pure  strain,  except 
that  the  princApal  directions  of  the  Reynolds  stress 
tensor  are  no  longer  aligned  with  those  of  the 
strain.  The  evolution  of  the  shear  stress  correla¬ 
tion  coefficient  was  found  to  be  in  good  qualitative 
agreement  with  published  data  for  longitudinal 
shear. 

The  experimental  results  relative  to  the  shear 
case  have  also  been  compared  with  nximerlcal  predic¬ 
tions  based  cn  two-point  closure  approach  of  the 
BDQNM  type  develops  at  the  ECL  (Lyon),  [4],  The 
numerical  results  have  been  found  to  be  In  good 
qualitative  agreement  with  the  measurements,; 
Including  the  evolution  of  the  length  scales. 

In  the  present  work,-  more  general  configurations 
of  rotation/strain  coupling  are  examined.-  based  on 
the  same  principle  of  superposition  as  that  used 
previously  for  the  shear.  Beside  the  limiting  case 
of  pure  strain  (no  rotation)  and  the  central  case  of 
shear  (rotation  equal  to  strain),  we  con-ider  here 
two  new  cases  corresponding  respectively  to  the 
(hyperbolic)  domain  of  dominant  strain  and  to  the 
(elliptic)  domain  of  dominant  rotation,  with  values 
for  the  rotatlon-to-straln  ratio  w  *  Q/D  of  respec¬ 
tively  0.3  and  2.  The  case  of  elliptical  flows 
appears  in  this  context  to  be  particularly  attracti¬ 
ve,  since  it  corresponds  to  a  periodic  gradient 
tensor  (and  thus  to  a  periodic  distorting  duct,-  see 
below) .  The  evolution  of  the  turbulence  may  there¬ 
fore  be  expected  to  exhibit  some  oscillating 
behavior.  Furthermore,  this  flow  case  may  be 
considered  in  relation  with  the  problem  of  3^* 
instabilities  developing  in  strained  vortices,,  see 
e,g.[5]. 

One  of  the  principal  objectives  of  our  study 
consists  in  comparing  the  experimental  results  with 
those  obtained  from  two-point  closure  models  or  from 
numerical  simulations,.  For  this  purpose  a  coopera¬ 
tive  work  with  the  ECL  is  under  way  aiming  at 
developing  spectral  models  of  the  EDQNM  type  able  to 
take  into  account  the  distortions  studied  experimen¬ 
tally.  As  mentioned  above,  the  case  of  pure  shear 
has  already  been  examined  successfully  in  this 
context,  [4], 

The  work  presented  hereaf^’er  forussAd  on  t-he 
description  of  the  experimental  methods  used  for 
generating  the  distorting  flows  and  on  the  discus¬ 
sion  of  the  principal  results  concerning  the 
evolution  of  the  turbulence  during  the  distortions. 
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EXPERIMENTAL  TECHNIQUES 

Principle  oT  flow  generation 

The  flow  configurations  considered  in  the  present 
work  belong  to  a  faaily  of  uniforaly  distorted  wean 
flows  characterised  by  the  deformation  matrix: 


(^ij)  = 


with  *  dU^/^Xj. 


(1) 


The  U^  are  the  mean  velocity  components,;  D  is  the 
strain  rate  and  fl  the  rotation  rate.  Tlie  flow 
distortion  is  located  in  the  X2.X2  plane  perpendicu- 
lar  to  the  mean  flow,  whereas  the  velocity  in  the 
direction  remains  constant.  This  garantees  particu- 
larly  favorable  conditions  for  achieving  perfect 
transverse  homogeneity,'  as  required  by  the  theory. 
In  the  following  we  only  have  to  consider  the 
submatrix  relative  to  the  distortion  plane  X2.x^. 
The  particular  choice  of  the  coordinate  system  is 
made  here  for  experimental  convenience.  The  princi¬ 
pal  axes  of  the  symmetrical  part  of  the  strain  rate 
tensor  are  inclined  at  with  respect  to  the 

coordinates,  with  the  stretching  in  the  +^15* 
direction. 

The  flows  defined  by  eq.(l)  Include  the  special 
cases  of  solid  body  rotation  (D«0),  plane  strain 
(QsO)  and  uniform  shear  (QaO).  In  this  case  the 
shear  rate  S(*0*Q)  is  defined  in  our  coordinate 
system  as  dUydU2>  shear  separates  the 

regime  of  rotation  dominated  "elliptical"  flows 
{Q>D)  from  that  of  strain  dominated  "hyperbolic" 
flows  (Q<D).  The  streamlines,,  as  determined  by  the 
stream  fonction 


y  .  -J  [(D.Q)  -  (D-B)  1^],:  (2) 

have  elliptical  shapes  in  the  former  case  and 
hyperbolic  ones  in  the  latter.  For  the  limiting  case 
of  shear  they  become  straight  lines  parallel  to  the 
x^-axis. 

The  experimental  setup  which  generates  the  flows 
defined  by  eq.(l)  is  schematically  sketched  in 
Flg.l.  Its  main  components  are: 

i)  a  rotating  duct  of  O.3  »  inner  diameter  contain¬ 
ing  a  fine  mesh  honeycomb  followed  by  a  grid 
turbulence  generator.  This  part  of  the  facility 
produces  the  solid  body  rotation  of  rate  0  which 
can  be  varied  continuously  from  0  to  20  n  rd/s;. 

ii)  a  distorting  duct  with  cross  sections  of 
constant  area  and  variable  shape  ensuring  the 
superposition  of  plane  strain  upon  the  rotation 
at  the  required  rates. 


Convergent  Rotating  duct  Oietorttng  duct 


Fig.  1  Schematic  view  of  thm  experimental  setup 


For  each  particular  combination  of  plane  strain 
and  rotation,  a  specific  distorting  duct  is  needed. 
The  del jrmination  of  the  corresponding  geometry  has 
been  described  in  [4]  (see  also  [6]  for  more  theore¬ 
tical  background).  It  is  based  on  the  requirement 
that  the  streamtube  originating  from  the  upstream 
cylindrical  pipe  must  be  distorted  according  to 
eq.(l).  This  results  in  elliptical  cross  sections  of 
variable  aspect  ratio  and  orientation. 

The  aspect  ratio  (ratio  a/b  of  the  major  to 
minor  axes)  as  well  as  the  inclination  angle  t  of 
the  major  axis  with  respect  to  the  X2  axis  are  given 
by: 

a/b  .  1  .  0^/2  ♦  0(1  *  O^/l))* 

(3) 

»  1/2  [n  -  tan"^  (o/Q.coth  ot)]. 

with  G  =  2D.(3inh  ot)/o.; 

The  time  t  is  taken  equal  to  zero  at  the  initial 
section  of  the  duct  (x»Xp).  Equation  (3) covers  all 
special  cases  considered  above.  For  elliptical  flows 
<Q>D),  o  becomes  imaginary  and  the  hyperbolic 
functions  turn  into  trigonometric  ones. 

Then  (slnh  ot)/o  “(sin  o’t)/cj',  with  o'»  -io,, 
and  0  *  2D.  (sin  o't)/(j’.  In  this  case  the  deforma¬ 
tion  gradient  tensor  P  associated  with  the  deforma¬ 
tion  rate  tensor  (eq.l)  becomes  periodic  with  a 
period  of  2n/o'  and  the  distorting  duct  has  a  period 
of  nUj/o’  corresponding  to  a  half-period  of  F.  In 
all  other  cases  the  aspect  ratio  is  an  increasing 
function  of  time,  and  y  lies  in  the  interval  (f^/4,, 
n/2). 

The  limiting  case  of  pure  shear  is  obtained  by 
letting  o  (or  o')  go  to  zero.  Then  (sinh  ot)/o  tends 
to  t  and  G  to  St,  where  S  »  D  ♦  Q  is  the  shear  rate. 


Fig,.  2  Evolution  of  the  cross  sections  of  the 
distorting  ducts 

a. '  casm  1,,  0/D  ■  0 

b.  case  2,  0/D  “0.5 

c. '  case  3,  0/D  •  1 

d.  case  4,’  0/D  “  2 

Figure  2  shows  the  evolution  of  the  elliptical 
cross  sections  for  the  four  cases  considered  in  the 
present  study: 
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'  case  1:  pure  strain,  fisO, 

-  case  2:  "hyperbolic"  strain-rotation  coupling, 

Q/D«0.5, 

-  case  3!  pure  shear,  Q/D*!,' 

-  case  4:  "elliptic"  strain-rotation  coupling, Q/D=2. 


In  the  last  case,  only  a  half-period  of  the 
distorting  duct  is  presented.  This  portion  repre¬ 
sents  a  quarter  of  the  total  length  of  the  duct,  of 
L  s  I.l6  o,'  which  insures  an  entire  period  of  the 
flow.  For  the  non-periodic  cases,'  sections  1,  2  and 
3  are  relative  to  the  three  portions  of  the  duct 
(see  figure  1),  each  of  0.22  a  length.  The  final 
sections  (3)  correspond  to  values  of  the  total 
strain  Dt  of  1.04,  1.06  and  1.13  respectively  for 
flow  cases  1,'  2  and  3-  For  case  4  the  oaxlauo  value 
of  Dt  is  3.64. 

At  the  noninal  condlt^jns  of  our  experlaent  (axial 
velocity  of  10  a/s),  the  corresponding  values  of  the 
strain  are  »‘<‘Cpectively  15.75*'  16.03,*  17«05  and 
31.4  for  flow  cases  1  through  4.  The  (linear) 
veljclty  profiles  V(2)  and  W(y)  in  the  distortion 
p?ane  are  gi<  en  by: 


V(z)'  =  (D-Q)2 
W(y)  *  (D*£l)y 


according  to  eq.2. 

(Note  that  hereafter  we  use  rather  the  notations 
x,y,2;  U,V,W,....  than  0^,02. Uj.... 
introduced  above) .. 

One  of  the  aajor  advantages  of  the  present  flow 
generation  aethod  lies  in  the  spatial  uniforaity  of 
the  streaawlse  velocity,  ensuring  very  satisfactory 
properties  of  statistical  hoaogeneity.  A  further 
advantage  lies  in  the  Independence  of  the  initial 
turbulence  field  froa  the  aean  flow  distortion, 
since  the  turbulence  is  created  in  the  rotating  duct 
before  strain  is  applied.  The  aesh  size  of  the 
turbulence  grid  cem  be  varied  in  order  to  exaaine 
various  initial  conditions  of  the  turbulence. 

The  noalnal  conditions  of  the  experiments 
reported  hereafter  are  as  follows: 


-  Streaawlse  velocity;  U  »  10  a/s 

-  Mesh  size  of  the  grid:  M  »  15  so 

The  correspondin  .  aesh  Reynolds  nuaber  is  of  the 
order  of  10^. 

The  distorting  ducts  are  connected  to  the 
rotating  duct  via  a  straight  entry  section  of  0.22  a 
length.  The  value  for  the  x/M  ratio  at  the  entrance 
of  the  duct  is 


Xq/M  =  16.67 

The  corresponding  turbulence  Reynolds  nuaber  is 
there  approxlaately  40  (bash'd  on  the  Taylor 
microscale) . 

Mean  flow  and  turbulence  aeasureaents  are 
perforaed  by  hot-wire  aneaoaetry  using  crossed  wire 
probes  at  four  different  azlauthal  positions  for 
each  aeasuring  point..  Thus  all  coaponents  of  the 
Reynolds  stress  tensor  can  be  measured.  Digital  data 
acquisition  and  signal  processing  is  used  for  the 
deterainatlon  of  the  statistical  quantities, 
evaluated  froa  about  200.000  individual  samples  of 
the  velocity  vector.  Frequency  spectra  of  the  three 
fluctuating  velocity  coaponents  azre  provided  by  FTT 
techniques.  Froa  these,  integral  length  scales  are 
evaluated  via  the  Taylor 


RESULTS  AND  DISCUSSION 

Qualification  of  the  flow 

The  qualification  of  the  flow  field  has  revealed 
very  satisfactory  results  with  regard  to  hoaoge- 
neity.  In  the  central  part  of  the  duct,  where  the 
flow  is  free  froa  boundary  layer  effects,,  linear 


evolutions  of  the  mean  velocity  components  (accor¬ 
ding  to  eq.4)  are  achieved,  as  well  as  uniform 
distributions  of  the  turbulence  intensity,  so  that 
the  requirements  for  the  existence  of  homogeneous 
turbulence  are  well  satisfied  there..  Figure  3  shows 
for  the  new  flow  cases  2  and  4  the  measured  velocity 
profiles  in  the  distortion  plane,  in  comparison  to 
the  theoretical  ones  (full  lines)  given  by  eq.4. 
(Note  that  the  two  figures  are  plotted  here  for  the 
same  strain  rate).  The  measured  gradients  can  be 
seen  to  be  perfectly  linear;  they  correspond  to  the 
theoretical  evolutions,  except  for  V(z)  in  flow  case 
4,  which  exhibits  a  slightly  stronger  gradient  More 
detailed  measurements  for  flow  case  3  had  been 
perforaed  previously  and  were  reported  in  ref. [3]. 
aainly  for  section  2  of  the  distortion  duct  which 
had  been  completely  explored.  Outside  the  boundary 
layer  zone,  the  Reynolds  stresses  were  found  to  be 
uniform  within  a  few  percentage  points;  the  axial 
velocity  was  found  to  be  constant,,  the  U2  (or  V) 
component  to  be  zero  and  the  U^  (or  W)  component 
linear  in  X2  (or  y) ,  The  streamlines  of  the  trans¬ 
verse  flow  were  correspondingly  straight  vertical 
lines  as  required  by  eq.(2). 


Fig.,  3  Mean  velocity  profiles  for  case  2  end  4 

a.  case  2,,  Q/D  *  0.5 

b.  case  4,'  0/D  "  2 


Streamwise  evolution  of  the  turbulence 

Streaawlse  evolutions  of  the  noraal  stresses  are 
shown  in  Fig.  4  for  the  four  flow  cases  examined 
here.  All  stresses  are  normalized  by  their  initial 
value  at  the  beginning  of  the  distortion  (x  *  Xq  * 
16.67*M),  and  plotted  against  the  normalized 
longitudinal  distance  x/M  (log-log  plot).  The 
reference  case  without  any  distortion  (D  >  Q  ■  0)  is 
realized  by  replacing  the  distortion  ducts  by  a 
straight  cylindrical  one. 

At  first  glance,  flow  cases  1  to  3  show  quite 
slailar  evolutions:  As  expected,  the  distortions  act 
principally  on  the  transverse  coaponents  v'^  and 
w'^,  whereas  the  u'^  stress  is  auch  less  influenced.. 
Whilst  in  the  case  of  plane  strain  v'^  and  w'^  are 
equally  affected,  the  effect  of  distortion  becoaes 
Bore  pronounced  for  w'^  with  increasing  rotation. 
Case  4  is  seen  to  exhibit  a  quite  different  beha¬ 
vior:  The  action  of  distortion  (represented  mainly 
by  the  strain  rate  D) ,  is  here  auch  more  pronounced 
and  the  onset  of  the  departure  froa  the  reference 
evolution  occurs  auch  earlier  than  in  the  previous 
cases.  This  is  obviously  due  to  the  higher  value  of 
D,  but  also  the  periodic  nature  connected  with  the 
elliptic  flow  regime  comes  here  into  play.  The 
evolutions  of  the  i.ndividual  transverse  stresses 
differ  much  acre  froa  each  other  than  in  the 
previous  cases  1  to  3  and  the  effect  on  the  u'^ 
stress  is  here  auch  more  pronounced. 

The  evolution  of  the  Reynolds  stresses  as  shown 
in  Fig.  4  is  acre  clearly  understood  when  consider¬ 
ing  the  production  tensor  (P^j)  associated  with  the 
deforaatlon  rate  tensor  (^^i)  (eq.l).  Froa  the 
definition  of  the  P^j: 
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Fig. 4  Streanwise  evolution  of  the  normal  stresses,,  case  1  to  4 


Plj  -  -  UjU^.Xjk  -  UjU,,.Xi^ 


(5) 


and  taking  Into  account  eq.l,^  one  gets  for  the  non* 
zero  elements  of  (P^j): 


P22  *  -2{0-Q)»vw 
P33  ■  *2(D*Q)#w 
P23  *  -(D*Q)«v'*  -(0-Q)*w’^ 


(6) 


Thus,  for  a  fixed  cross  correlation  vw.  the 
difference  of  the  transverse  stresses  (w’2*v'^)  is 
produced  only  by  the  rotation  and  their  sue  (as  well 
as  the  whole  turbulent  energy)  only  by  the  strain. 
This  iaplies  that  w’^  becomes  greater  than  v*^  when 
Q  increases  and  that  the  level  of  both  stresses 
increases  with  increasing  strain  rate  (Fig.  4). 
Furthermore,,  the  production  of  the  negative  cross¬ 
correlation  -vw  Is  mainly  due  to  the  strain  and  It 
is  only  weakly  affected  by  the  rotation  which  tends 
to  reduce  it  slightly.  These  tendencies  are  also 
confirmed  by  the  Rapid  Distortion  Theory  (RDT).  One 
notes  that  there  is  no  production  of  which  is 
only  fed  by  the  pressure-strain  correlation.  The 
same  circumstance  occurs  for  v'^  in  the  special  case 
of  pure  shear  (0*0). 

Figure  5  shows  the  evolution  of  the  normalized 
turbulent  kinetic  energy  for  all  flow  cases  conside¬ 
red,  As  expected,  there  is  no  obvious  effect  of 
rotation;  the  differences  in  the  evolutions  are  due 
to  the  differences  in  the  strain  rate,  especiall> 
for  case  4.  which  has  a  strain  rate  of  roughly  twice 
that  of  the  other  cases.  The  Independence  of  the 


energy  from  the  rotation  rate  has  also  been  confir¬ 
med  by  RDT  calculations. 

The  progressive  establishment  (growing  from  zero) 
of  the  cross  correlation  w  is  shown  in  Pig.  6  in 
teres  of  the  correlation  coefficient  Rv^^*vw/v*w' ,• 
plotted  against  the  total  strain  Dt.  The  (thick) 
solid  line  represents  the  evolution  of  Ry^  for  the 
case  of  pure  shear  (case  }).  Considered  as  a 
function  of  the  total  shear  St  (twice  the  strain 
rate) ,  this  evolution  had  been  found  to  be  in  good 
qualitative  agreement  with  data  from  the  literature, 
see  As  expected,  there  is  no  major  effect  of 
rotation  for  a  fixed  strain  rate  (cases  1  to  3), 
only  a  slight  decrease  with  increasing  u«0/D,  which 
is  also  confirmed  by  the  RDT  results.  The  higher  0/D 
ratio  of  case  4  ob'  iously  inhibits  the  correlation 
coefficient  to  reach  an  asymptotic  value  of  the  same 
level  as  for  the  other  cases.  We  have  here  a  typical 
effect  of  dominant  rotation  which  is  also  confirmed 
by  the  RDT  results. 


Fig..  6  Evolution  of  the  croam^correlatlon 
coefficient 


The  overall  anisotropy  of  the  Reynolds  stress 
tensor  is  commonly  characterized  by  the  second 
invariant  (B2)  of  the  anisotropy  tensor 


*>ij  *  '  Sij/3 


(7) 


Fig.  5  Evolution  of  the  turbulent  energy 


In  our  experiments,;  82  starts  from  about  0.013  at 
the  entrance  section  (reflecting  initial  anisotropy) 
and  grows  continuously  for  all  flow  cases.  Typical 
values  reached  at  Dt*l  range  from  0.046  for  u«0  down 
to  0.028  for  w*2,,  showing  a  continuous  decrease  of 
82  for  Increasing  This  reflects  primarily  the 
diminution  of  the  cross  correlation  discussed 
previously,'  which  contributes  substantially  to  the 
second  invariant. 


t«  ' 

i  \ 
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To  characterize  t^'ls,  we  consider  the  (20)  second 
invariant  B’2  relative  to  the  projection  of  the 
Reynolds  stress  tensor  on  the  distortion  plane.  This 
quantity  starts  from  0  at  the  entrance  section  and 
grows  continuously  during  the  distortion.  As  for  the 
3D  invariant,  increasing  rotation  has  a  rather 
strong  reducing  effect  on  the  planar  anisotropy.  For 
Dt*l  e.g,,  B'2  reaches  a  value  of  0.11  for  the  pure 
strain,  O.O9  for  the  shear  case,  but  only  0.05  for 
the  case  of  dominant  rotation. 

A  more  complete  Insight  into  the  structure  of  the 
planar  anisotropy  is  achieved  by  considering  the 
eigenvalues  and  the  associated  principal  axes  of  the 
Reynolds  stress  tensor  restricted  hero  to  the  y.z 
plane.  We  define  a  new  structural  parameter  built 
with  the  two  eigenvalues  oj  and  02  (where  oj>o2); 

Kg  *  (01  -  02)/(ai  ♦  02)  (9) 
which  is  related  to  B'2  by  the  relation  B’2  *  i 


Fig.  7  Evolution  of  the  structural  parameter  Ko 


Figure  7  shows  the  evolution  of  plotted 
against  Dt,-  which  is  also  representative  for  that  of 
the  second  invariant  B'2.  Like  in  Fig.  6,  the 
isotropizing  action  of  the  rotation  if  clearly 
evidenced.  At  Dt«l,'  the  pure  strain  case  reaches  a 
value  of  Kg  of  nearly  0.5  corresponding  to  a  ratio 
of  the  two  eigenvalues  of  the  order  of  3.  A  substan¬ 
tial  reduction  is  observed  for  the  elliptical  flow 
case,  for  which  the  values  of  Kg  and  ox/02  reduce  to 
0.33  and  2  respectively.  Figure  7  contains  essen¬ 
tially  the  same  information  as  Fig.  6.  since  the 
principal  direction  corresponding  to  oj  is  not  very 
far  from  that  associated  with  the  strain  (-45*  in 
our  coordinate  system) .  Would  che  two  directions 
coincide,'  then  -vw  would  be  equal  to  half  the 
difference  between  the  eigenvalues. 

Figure  8  shows  the  evolution  of  the  inclination 
angle  #p  associated  with  (negative) 
deviation  from  the  reference  direction  of  -45 
relative  to  the  case  of  pure  strain  increases  with 
increasing  rotation.  For  Dt»l,  the  deviation  is 


Fig.  8  Angle  of  the  principal  axes  of  the 
Reynolds  stress  tensor 


about  16*  for  i,j*2  and  much  less  for  the  other  cases. 
The  homologous  plots  relative  to  the  production 
tensor  introduced  above  (eq.5),  exhibit  ”ery  similar 
evolutions.  The  values  of  the  deviation  for  Dt=l  are 
here  0*,  6*,.  12*  and  20*  for  flow  cases  1  to  4 

respectively.  We  must  emphasize  here  that  the 
principal  axes  of  the  Reynolds  stress  tensor  turn  in 
the  opposite  sens  of  the  mean  flow  rotation. 

Typical  variations  of  the  three  integral  length 
scales  Ly.  and  as  deduced  from  tho  frequency 
spectra  are  shown  in  Pig.  9  for  the  central  case  of 
shear.  The  (broken)  reference  lines  are  relative  to 
the  basic  flow  without  gradients.  Tie  most  striking 
effects  of  the  flow  distortion  are  here  the  strong 
reduction  of  the  longitudinal  lengthscale  and  a 
distinct  increment  of  the  lateral  scale  L^,.  whereas 
is  hardly  affected.  The  reduction  of  Ly,  which  is 
observed  for  all  flow  cases  (included  pure  strain) 
is  only  slightly  accentuated  when  o  increases;  this 
reduction  seems  therefore  to  be  essentially  an 
effect  of  strain.  In  contrast  to  this,  the  diffe¬ 
rence  between  Ly  and  L^,  which  does  not  exist  for 
the  pure  strain  (for  reasons  of  symmetry),  increases 
with  growing  rotation  and  must  be  considered  as  a 
typical  rotation  effect.  The  RDT  solution  shown  at 
the  bottom  of  the  figure  clearly  displays  the  same 
featu**e8  as  the  experimental  results,,  unavoidably 
magnified  with  respect  to  the  experiment. 


Fig..  9  Evolution  of  the  integral  length  scales 
for  case  3  (shear) 

a. .  Experiment 

b.  RDT 


The  spectral  analysis  of  the  turbulence  signals 
also  provides  the  spectral  distribution  of  the  cross 
correlation  (Py^) •  beside  that  of  the  normal 
stresses.  The  spectral  region  where  Py^  is  maximum 
coincides  with  that  where  the  p(<wer  spectra  Py  and 
become  different  from  each  other,  with  P|,>Pv. 
This  region  spans  roughly  between  (streamwise) 
wavenumbers  of  50  and  250  m’^..  (The  medium  wave- 
number  of  150  m“^  corresponds  approximately  to  the 
longitudinal  length  scale  Ly).  Figure  10  shows  the 
evolution  of  the  spectral  correlation  coefficient 
^«Py,,/(PyPi^)*,'  for  the  four  flow  cases  1  to  4.-  The 
position  corresponds  to  a  value  of  Dt  of  the 
order  one.  The  figure  shows  that  the  rotation  tends 
to  lower  the  maximum  value  of  t,'  but  also  that  the 
profiles  become  somewhat  enlarged  when  the  rotation 
increases.  It  is  interesting  to  note  that  the 
central  frequency  of  the  bumps  corresponds  very 
closely  to  the  longitudinal  length  scale  Ly. 
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Fig.  10  Coherent'®  coefficient  of  the  cross- 
correlation,,  case  1  to  4 

The  last  exaaple  is  related  to  the  specific  case 
of  elliptical  flows  which  differs  froa  the  other 
cases  for  several  reasons:  The  first  is  that  it 
represents  a  particular  type  of  flow  which  exhibits 
features  of  periodicity  in  the  turbulence  proper¬ 
ties,  in  contrast  to  the  aonotonic  evolutions  of  the 
other  flow  cases.  Purtheraore,  the  aaount  of 
distortion  is  here  auch  larger  than  in  flow  cases  1 
to  3>  The  reason  for  this  is  that  we  aiaed  at 
achieving  at  least  one  period  of  the  flow,,  within 
the  constraint  of  liaited  length  of  the  facility. 
The  ratio  of  the  characteristic  ’’linear"  tiae  of  the 
aean  flow  distortion  (l/D)  to  the  "non  linear"  turn¬ 
over  tiae  (iq^/t)  is  thus  significantly  lower  for 
the  elliptical  flow  case  and  the  linear  effects  are 
here  auch  aore  pronounced.  In  addition,  the  relati¬ 
vely  high  value  of  the  rotation  rate  needed  for 
realizing  twice  the  strain  rate  introduce  some 
additional  rotation  effects  altering  the  turbulence 
properties  at  the  entrance  before  strain  is  applied. 
The  outstanding  character  of  this  flow  suggests  a 
acre  elaborate  investigation  than  could  be  done  in 
the  frame  of  the  present  work. 


Fig.  11  Evolution  of  the  structural  parameter  Kvw 
for  case  4 

Figure  11  shows  for  the  elliptical  flow  case  the 
evolution  of  the  structural  parameter  Ky^,  defined  as 

.  (v'2  -  w'2)/(v'2  .  w'2)  (10) 

over  the  whole  period  of  the  flow.  The  figure 
clearly  indicates  the  oscillatory  character  of  the 
evolution.  The  measurements  reveal  that  this  was 
merely  due  to  an  oscillatory  variatiuu  of  the 
principal  direction  rather  than  to  that  of  the 
eigenvalues.  The  figure  shows  also  the  evolution  of 
Ky^  as  determined  from  RDT,  which  can  be  seen  to 
have  more  ample  variations  and  a  shorter  wavelenth 
than  the  experiment.  These  differences  may  be 
related  to  the  non-linear  damping  effects  which  are 
not  taken  into  account  in  the  ROT.  The  experiment 
revealed  oscillatory  features  also  for  other 
turbulence  parameters  as  e.g.  for  the  second 
invariant  of  the  anisotropy  tensor  (3D  or  planar)  or 
for  the  cross  correlation  coefficient.  More  detailed 
results  this  flow  case  are  given  in  [73. 


CONCLUDING  REMARKS 

The  flow  configure-  -'^ns  studied  in  the  present 
work  constitute  usetul  test  cases,  especially  In 
view  of  developing  (or  improving)  turbulence  models 
in  physical  or  spectral  space.  Among  the  new 
configurations  involving  rotation/strain  coupling 
with  non-equal  rates,'  the  case  of  rotation  dominated 
elliptical  flows  appears  as  a  particularly  inter¬ 
esting  one,  for  it  provides  flow  properties  that  are 
oscillatory  in  character.  This  case  needs  further 
detailed  investigations,  experimentally  as  well  as 
theoretically.'  The  second  new  flow  case,-  that  of 
strain  dominated  hyperbolic  flow,  presents  more 
"classical"  features  similar  to  those  observed  for 
plane  strain  and  uniform  shear. 

The  mode  of  generation  of  the  mean  flow  gradients 
by  the  superposition  principle  fullfils  very 
satisfactorily  the  conditions  of  homogeneity:  the 
mean  flow  gradients  and  the  turbulence  quantities 
are  uniform  within  tin  adequate  lateral  extent,  for 
all  flow  cases  examined.  In  the  hyperbolic  flow 
cases,'  strain  is  the  principal  factor  acting  on  the 
turbulent  field.  For  a  given  strain,  increasing 
rotation  induces  only  a  slight  reduction  of  the 
eigenvalues  of  the  Reynolds  stresses  in  the  distor¬ 
tion  plane,  but  causes  a  distinct  rotation  of  the 
corresponding  principal  axes  in  the  sens  opposite  to 
that  of  the  flow  rotation.  The  elliptical  flow  case 
could  not  be  studied  here  with  the  same  strain  rate 
as  for  the  other  cases.  The  results  therefore 
cumulate  the  effects  of  an  increased  strain  and  of  a 
higher  rotation  rate  ratio  Further  experimental 
work  is  needed  to  clarify  this  point. 

Numerical  descriptions  using  two-point  closure 
techniques  developed  at  the  ECl  (see  e.g. [4])  are  in 
progress  for  the  flow  cases  examined  here;  they  are 
aimed  at  achieving  a  deeper  physical  understanding 
of  the  experimental  findings. 
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Abstract 

The  structure  of  the  Navier-Stokcs  equations  in  Founcr-spcctral 
space  IS  such  that  a  direct  coupling  between  large  and  small  scales 
necessanly  exists  within  distant'  tnadic  interactions  We  discuss 
the  consequences  of  this  coupling  in  light  of  the  Kolmogorov 
hypotheses  of  statistical  independence  between  targe  and  small 
scale  turbulent  motions  and  consequent  local  isotropy  at  the 
smallest  scales  We  show  that,  in  the  asymptotic  limit  of  large 
Reynolds  numbers,  although  no  energy  exchange  takes  place 
between  large  and  small  scales,  the  structure  of  the  small  vonical 
scales  IS  modulated  by  the  structure  of  the  large  energy-containing 
scales  Consequently,  large-scale  anisotropy  in  the  energy-, 
containing  scales  induces  anisotropy  at  the  dissipative  scales 
This  effect  is  studied  with  a  direct  simulation  of  forced 
homogeneous  turbulence  in  which  the  smallest  scales  respond 
directly  to  spectrally  local  'sumng'  at  the  large-scales. 

1..  Introduction 

The  large  energy-containing  scales  and  the  small  dissipative 
scales  become  increasingly  separated  as  Reynolds  number 
increases  Kolmogorov  (1941)  hypothesized  that,  in  the 
asymptotic  limit  of  infinite  Reynolds  numbers,  turbulent  kinetic 
energy  is  transferred  from  the  large  energy-containing  scales  to 
the  small  dissipauve  scales  through  an  inema-dotninattd  range  of 
intermediate  scales  with  little  frictional  loss  Consequently, 
e~qyL,  where  turbulent  kinetic  energy,  L  is  an  integral 
scale,  and  c  is  turbulent  dissipation-rate  This  conceptual  model 
of  an  'energy  cascade'  assumes  no  direct  energy  transfer  between 
the  large  and  small  scales  but,  in  principle,  does  not  demand 
independence  between  the  large  and  small  scales.  The  hypothesis 
of  local  isotropy  at  the  smallest  scales,  however,  does  require 
independence  of  large  and  small  scales.  In  this  more  restnctive 
model,  the  energy-containing  and  dissipative  scales  do  not 
interact  directly  in  the  asymptotic  limit  of  infinite  Reynolds 
numbers  Consequently,  the  dynamical  and  structural 
characteristics  of  the  dissipative  scales  are  grvemed  encrely  by 
spectrally  local  processes  which  develop  ir.dependently  of  the 
structure  and  dynamical  processes  within  the  energy-containing 
scales  The  point  of  this  necessanly  bnef  ptper  is  to  show  that, 
whereas  the  large  and  small  scales  do  not  directly  exchange 
energy,  the  large  and  small  scales  are  not  tniependen,  m  the 
asymptotic  limit  of  infinite  Reynolds  numbers.  Consequently, 
the  small  scales  do  not,  in  pnnciple,  attain  a  locally  isotropic  state 
independent  of  the  large  scales. 

Some  clanfication  of  concepts  is  necessary.  In  this 
discussion,  the  terms  'large  scale'  and  'small  scale'  refer  to  those 
spectral  scales  in  which  energy  and  dissipation-rate  are 
concentrated,  respectively.  In  homogeneous  turbulence,  the  large 
energy-containing  scales  are  those  residing  near  the  peak  m  the 
energy  spectrum,  ki,  quantified  by  an  integral  scale:  1/t. 

Dissipation-rate,  strain-rate,  and  vorticity  are  most  highly 
concentrated  near  the  peak  in  the  dissipation-rate,  or  enstrophy 
spectrum,  which  resides  somewhere  between  the  Taylor 
microscale,  kx  ~  1/A,  and  the  Kolmogorov  scale,  L,  -  1/ij 
Dimensional  reasoning  (Tennekes  and  Lumley,  1975)  ■  uggests 
that,  at  large  Re^ ,  kxjki  ~  Rex ,  and  Jq/tL  ~  Consequently,, 
the  dissipative  scales  separate  infinitely  far  from  the  energy- 
containing  scales  at  asymptoncal'v  large  Reynolds  numiers  and 
the  concept  of  local  isotropy  api  lies  to  the  entire  dissioauve 


range,  from  the  far  internal  range  to  the  smallest  scales  There  is 
a  small  amount  of  experimental  evidence  to  support  the 
approximation  that,  at  large  Reynolds  numbers,  e~qVL 
(Batchelor  1953,  Sreemvasan  1984),  By  contrast,  although 
considerably  more  experimental  analysis  has  been  directed  at  the 
question  of  local  isotropy,  the  issue  remains  unresolved  and 
controversial  (see  the  vanous  discussions  by  Antonia  and  Brown 
etal  1988, 1987,  1986,  Van  Atta  1991,  and  Sreemvasan  1991) 

We  argue  in  this  paper  that  the  hypothesis  of  no  eneigy 
transfer  between  small  and  large  scales  in  the  asymptotic  liir.it  is 
cotrect;  but  the  hypothesis  of  independence  between  large  and 
small  scales  and  local  isotropy  is  not  totiect  Whr'eas  turbulent 
energy  is  dissipated  primarily  in  the  siuaii  scales,  at  a  rate  given 
approximately  by  £  -  9Vi,  and  whereas  a  k-’'’  spectral  form  in  an 
mema-dominated  subrange  may  be  anucipated  from  dimensional 
arguments,  the  dynamical  processes  which  govern  the  dynamical 
evolution  and  stmeture  of  the  small  scales  are  directly  affected  by 
the  dynamical  evolution  and  structure  of  the  large  scales  In 
particular,  we  argue  that  an  amsotropic  energy  distnbution  within 
the  large  scales,  in  pnnciple,  leads  to  an  anisotropic  structure  and 
energy  distnbubon  within  the  small  scales  at  asymptoncally  large 
Reynolds  numbers’. 

We  should  be  quick  to  point  out  that,  whereas  in  principle 
anisotropy  at  the  large  scales  induces  anisotropy  at  the  small 
scales,  in  practice  the  effect  is  not  necessarily  large,  other 
dynamical  processes  will  be  bnefly  mentioned  which  lend  to 
return  the  small  scales  to  an  isotropic  state.  On  the  other  hand, 
the  effect  is  not  necessanly  small  either  If  the  large  scales  are 
made  strongly  anisotropic,  by  stirring  for  example,  the  small 
scales  can  tw  pushed  far  from  an  isotropic  slate  over  finite  brne 
This  effect  is  demonstrated  in  companion  numencal  expenments 
where  inmally  isotropic  turbulence  is  strongly  forced  locally  at  the 
peak  in  the  energy  spectrum  (Yeung  and  Brasseur,  1991a) 
Large  levels  of  anisotropy  build  up  at  the  smaller  scales  as  a  direct 
consequence  of  the  distant  tnadic  couplings  with  the  large-scale 
forced  modes.  More  imponantly,  the  effect  stengthens  with 
decreasing  scale,  consistent  with  the  asymptouc  forms  presented 
in  this  paper  Taken  together  with  the  asymptotic  analysis,  then, 
we  conclude  that  the  large  scale  couplings  which  dominate  small 
scale  inertial  dynamics  in  the  moderate  Reynolds  number 
simulations  would  play  the  same  role  had  it  been  possible  to 
simulate  very  large  Reynolds  numbers  We  conclude  that  the 
small-scale  structure  of  a  high  Reynolds  number  turbulence  is 
coupled  to  the  structure  of  the  large  energy  ..  ntainuig  scales  and 
that  this  coupling  may  be  exploited  to  alte  s>  'all  scale  suucture 
by  manipulating  large  scale  stmeture 

2.  The  Fourier-spectral  Structure  of  the  Navier- 
Stokes  Equation 

The  underlying  concepts  may  be  obtained  through  a  cursory 
examination  of  the  Founer-sptctral  structure  of  the  Navier-Stokes 
equation  in  the  infinite  Reynolds  number  limit.  Expanding  the 
velocity  field,  tKx.t ),  into  a  discrete  set  of  Fourier  modes  with 
complex  amplitude  B(t,t ),  the  Navier-Stokes  equations  may  be 
written; 

’Here,  'anisotropic  stmeture'  is  given  in  terms  of  the  energy  distnbution 
withm  sphencal  shells  in  k-space  However,  an  anisotropic  energy 
distnbuiion  within  a  spectnd  shell  does  Imply  anisotropy  m  physi^  space 
structure  at  those  scales 
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where  =  -i  [*•«(* (1)' 

k' 

liK*)lvis  = “i  (*')n  = 

u(,k\^  IS  the  vectorial  projection  of  u{k‘)  onto  a  plane 
perpendicular  to  k  Incompressibility  requires  that  k-u(,k)  =  0, 
and  reality  of  v(x,t)  requires  that  «(-*)  =  «•(*)  The 
evolutionary  equation  for  mode  energy,  e(t)  a  u(k)'U*{k)  is 

^  +  <r  a  [«(*))«,.  +  I«(«]v,5 

[«(*)]«.  =-i]^[M*(*)"«(*')l  (*:■«(* -*')1  +  oc  (2) 
[e(*)]v,5  =  -2v*2e(*)  , 

where  twice  the  total  kinetic  energy  is  =  £e(*),  'cc'  implies 
the  complex  conjugate  of  the  previous  term,  and  v  is  the 
kmematic  viscosity 

In  the  above  equations  the  viscous  terms,  [uliJIvis  ati<i 
leWJvij.  have  been  separated  from  the  nonlinear  terms,  [b(*)1sl 
and  [e(*)lM.,  because  of  the  separataroles  of  inertial  and  viscous 
effects  in  spectral  evolution,  Our  interest  here  is  pnmanly  in  the 
role  of  nonlinear  intermodal  couplings.  Note,  however,  that 
viscous  dissipation  tends  to  move  both  the  components  of  the 
complex  amplitude,  and  the  energy  in  a  spectral  shell  in  k  -space, 
towards  equipanition  Thus,  the  linear  part  provides  an 
isotropizing  influence  within  high  wavenumber  spectral  shells. 

The  nonlinear  interactions  among  scales  ate  given  by  the  RHS 
of  (t((t)lNi.  or  [e(*)]Ni,  Central  to  the  discussion  is  the 
observauon  that  the  nonlinear  interactions  occur  as  a  linear  sum  of 
nonlinear  terms,  each  of  which  describes  an  interaction  among 
three  modes  whose  wave  vectors  form  a  mangle  (a  mad).  This 
linear-nonlinear  combination  in  the  nonlinear  structure  of  the 
Navier-Stokes  equauon  has  important  implicauons  which  can  be 
best  discussed  with  the  help  of  Fig  1  where  the  expansion  for 
v(x,f )  is  ordered  as 

••  *1 *2  '**t..  <ki..<k,,  (3) 

n 

The  modes  ate  ordered  by  wave  vector  magnitude  from  largest  to 
smallest  active  scale  (k„  s  l*nl)  and  each  mode,  evolves 
through  a  linear  sum  of  triadic  interactions  as  illustrated  in  Fig.  1. 
In  the  figure,  each  row  desenbes  the  evolubon  of  a  mode  residing 
within  a  spectral  shell  as  a  sum  of  triad  interactions,  where  each 
mad  represents  those  terms  on  die  RHS  of  either  (uIMInc 

asscciated  with  that  mad.  Consequently,  each  mad  in 
the  row  contains  k„  as  one  leg^.  The  dynamical  evolution  of  a 
mode  is  given  by  the  integrated  sum  of  madic  interactions  in  a 
mw,  while  the  dynamical  evolution  of  the  complete  spectrum  is 
given  by  the  complete  integrated  set  of  madic  interactions. 

The  lineanly  in  [i<(ikn)J.^L  allows  the  sum  of  tnadic 
interactions  in  each  row  of  Fig  1  to  be  ordered  arbilranly.  We 
have  ordered  the  mads  in  each  row  by  first  choosing  the  shortest 
wave  vector,  p,  of  the  two  wave  vectors  in  the  mad  other  than 
k„,  and  then  ordering  triads  from  lowest  to  highest  p  magnitude 


^For  each  mode  tn  •  negauve  counterpan  -kn  miul  exist  (for  reality  of 
V  (x,r) )  The  complex  ampliiudc  of  tlie  iwasU  *e  set  iKcd  ihH  Ic  caiculaicd 
separately,  because  it  can  be  obtained  directly  from  the  posiuve  set  via  f  tf(- 
kfluL  =  [afklli^  However,  the  sum  in  equations  (1)  and  (2)  must  include 
the  negative  set.  Each  mad  in  figure  1  specifies  a  unique  triangle  created  with 
combinations  *n  +  Pn  -f  »n  “  d,  or  (-*„)  +  (-p,d  +  =  0  Conse¬ 

quently,  each  triadic  interacuon  illustrated  in  figure  1  represents  four  terms  on 
the  RHS  of  eqtiauons  (I)  and  (2)  given  by  *’  =  Pn.  -Pn,  «b,  -Pn 


Figure  1.  Schematic  illustration  of  spectral  evoluuon  in  terms  of 
tnadic  interactions  within  spectral  shells  Founer  modes  are 
ordered  by  increasing  waver.iimber,  increasing  from  the  lowest 
wavenumber  (*i)  to  the  highest  >•  „  - jmber  (  ~  as  shown 

in  Eq  (3)  Each  mode  me  spectrum,  evolves  due  to  madic 
interactions  with  every  other  mode  in  the  spectrum  Each  triad 
which  conmbutes  to  the  evolution  of  a  mode  involves  t„  and 
two  other  modes  The  lower  wavenumber  of  the  two  modes  are 
ordered  in  each  row  from  the  lowest  to  highest  wavenumber 
Consequently,  in  the  top  row  (low  k  modes),  local  tnadic 
interactions  appear  on  the  left,  while  distant  triadic  iiiteracnons 
appear  on  the  right  of  the  row.  At  the  bottom  (high  k  modes), 
distant  mads  appear  on  the  left  and  local  on  the  right.  In  the 
menial  range  distant  tnadic  interactions  with  the  iow/high 
wavenumber  end  of  the  spectrum  appear  on  the  left/fighl,  and 
local  mads  appear  in  the  middle  of  a  row. _ 

In  this  way,  the  mads  in  the  low  wavenumber  rows  are  arranged 
from  spectrally  'local'  triads  to  distant'  mads,  whereas  mads  m 
the  high  wavenumber  rows  are  arranged  from  spectrally  'distant' 
to  spectrally  'local'  mads  Note  that  each  unique  triad  appears 
three  nmes,  in  three  separate  rows  for  each  each  mode  in  the 
mad. 

The  distinction  between  'local'  and  'distant'  triads  is  central  to 
the  arguments  which  follow.  Tnadic  interactions  aie  known  to 
possess  global  characterisbes  based  solely  on  triad  geometry 
(Brasseur  &  Corrsin,  1987).  Local  tnads  are  those  where  all 
three  modes  within  the  biad  are  within  a  'narrow'  specual  shell— 
where  the  three  triadic  wave  vectors  about  the  same  length 
Distant  mads  are  those  which  couple  modes  widely  disparate  in 
scale,  such  as  low  wavenumber  energy-conmtining  modes  with 
high  wavenumber  dissipative  modes  In  these  triads  one 
wavenumber  is  very  much  smaller  than  the  other  two. 

3 ,  Triadic  Interactions  within  Spectrai  Sheiis 
Consider  relatively  narrow  high  wavenumber  spectral  shells 
between  ki,  and  kn-  Within  a  high  wavenumber  shell  consider, 
with  the  help  of  Fig  1,  the  following  reordenng  of  the  madic 
in'enebons  in  this  region: 

5^e(*n)  = 

‘r.  <=  high  (4; 

•vaveno.  shell 

Z*(*li)  +  S^(*n)  J  • 

local  distant  traids  other  nonlocal  " 

triads  vdthki  triads 


S( 

ka  €  high 
waveno  shell 
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where  e(t)  refers  to  the  nonlinear  part,  or  |u(ii;)]„  The 

dynamic  c'’jlution  within  a  high  wavenumber  shell  is  separated 
into  a  linear  sum  of  tnadic  interactions,  where  the  triads  arc 
grouped  according  to  their  geometrical  characteristics  The 
procedure  we  follow  is  to  examine  the  three  groups  of  tnadic 
interactions  on  the  RHS  of  Eq.  (4)  individually  for  iheir  global 
characteristics.  We  draw  from  the  work  of  Brasseur  &  Coirsin 
(1987),  who  showed  that  the  interactions  among  three  inodes 
within  distant  mads  is  fundamentally  different  from  the 
interactions  within  local  triads 

4.  Large  and  Small-scale  Coupling  in  the 

Asymptotic  Limit 

Consider  an  arbitrary  madic  interaction  from  the  middle  group  in 
Eq.  (4)  in  companson  with  an  arbitrary  madic  interaction  from 
the  first  group  in  Eq  (4).  We  seek  the  conmbution  of  a  single 
mad,  *1 +*j +*3  =  0,  to  the  evolution  of  the  spectrum.  That  is, 
we  seek  the  conmbution  of  the  same  mad,  ki+ki+k)^  0,  to  the 
evolution  of  modes  *1,  *2.  and  *1,  given  by  the  same  mangle  on 
the  rhs  of  (ii(*i)]Ni.,  and  [ri(*i)lNL  “  Fig.  1  In 

particular,  we  consider  the  conmbutions  from  distant  mads, 
where  *1 «  *2  or  *3,  k,  is  within  the  energy  containing  scales, 
and  *2  ~  *1  lie  in  a  high  wavenumber  spectral  shell  between  kt, 
and  in  companson  with  the  conmbutions  from  local  mads, 
where  ki  -  ki  ~  *3  and  all  three  modes  lie  in  the  high 
wavenumber  spectral  shell  The  conmbution  of  a  single  triad  to 
1“(*i)1ni,.  [“(*2)!ni..  and[i(k3))Nuis,  from  Eq  (1). 

1«(*i)1ni,  =  -i  («*(*2)it,lti-u*(*3)]  +  ««(*3)j,k,[*>‘“*(*2))l.: 

(5) 

(ii(i2)W  =  -1  (ir*(k,);^j^J*2.i<*(*3l)  +  tr‘(k,)^j^[k2.«*(t,)]), 

[il(k3)W  =  («*(tl)ia,l*3-l<*C*2)l  +  «*(*2)^*,(k3-B*(*,)|),, 

When  k|  «k2,  k]  and  k,  -  kt,  Eqs  (5)  desenbe  the  basic 
nonluiear  interacnon  between  the  large  and  small  scales.  We  seek 
the  form  of  this  interaction  in  the  limit  of  infinite  Rex.  It  was 
argued  in  §1  that,  at  large  Reynolds  numbers,  kx/ku  -  Rex.  and 
V*l-R4,”'  Thus,  infinite  Rex  is  given  by  the  limit 
ki/kr  -  kj/ki  s  S^O  The  reducuon  of  Eqs.  (5)  in  the  limit  of 
small  S  is  (Brasseur  &  Corrsin  1987). 

[i(k,)U  =  0(5). 

1«(*2)1m  =  -■  (  b*(*3)[  k2-«»(k,)l  I  +  0(5), 

1«(*3)1ni.  =  ■  («*(*2)  (  *2-B*(k,))  )  +  0(5). 

Similarly,  the  rate  of  energy  change  in  each  mode  is  given  in  the 
limit  5-1 0  by 

[e(kj)]jjL  =  0(5),  fjy 

[e(*2)lNI=  -Ic(*3))ni.=  1|«(*2)'<<(*3)[  k2-«(*l))  +CC  )  +  0(5). 

The  essenaal  elements  of  the  dependence  between  the  large  and 
small  scales  in  the  asymptonc  limit  of  infinite  Reynolds  number 
are  embedded  in  Eqs.  (6)  and  (7)  Several  important  points  can 
be  made.  Clearly,  the  interaction  between  large  and  small  scales 
persists  in  the  asymptotic  limit  of  infinite  Reynolds  number 
(given  by  the  leading  order  terms  above)  Consistent  with  the 
Kolmogorov  hypotheses,  no  energy  exchange  between  the  large 
and  small  scales  takes  place  in  the  asymptotic  limit.  Howcvci,; 
the  rate  of  evolution  of  the  high  wavenumber  modes  is  directly 
proportional  to  the  the  amplitude  of  the  low  wavenumber  mode 
Thus,  the  low  wavenumber  mode  modulates  the  rate  at  whieh  the 
high  wavenumber  modes  evolve 

The  last  observation  is  pamcularly  important  as  it  leads  to  the 
conelusion  that  those  distant  triadic  interactions  which  couple  the 


large  encigy-containing  scales  to  the  small  vortical  scales 
dominate  over  the  local  tr-adic  interactions  entirely  among  scales 
of  approximately  the  same  size  Applying  Eq  (5)  to  a  local  mad 
in  the  high  wavenumber  shell,  and  Eq.(7)  to  a  distant  triad 
coupling  the  large  and  small  scales,  the  order  of  magnitude  rates 
of  energy  transfer  in  the  high  wavenumber  associated  with  distant 
Vi  local  mads  may  be  compared. 

.t£l*^^liliiiini  »  ]  (8) 

WWliocn  V  c(kx) 

It  IS  clear  that,  in  the  asymptotic  limit  of  infinite  Reynolds 
number,  local  tnadic  intermodal  energy  exchange  at  the  small 
scales  IS  dominated  by  distant  madic  couplings  with  large  energy-, 
containing  modes.  Indeed,  a  decrease  in  spherically 
integrated  energy  suggests  that,  on  average 

[c(kx)]annnt  ^  ^  ^  Rej^^^  (9) 

li(*01i«u  W 

In  contrast  with  classical  thinking,  it  appears  that  small  scale 
dynamics  becomes  progressively  more  strongly  coupled  to  large 
scale  charctensDcs  as  Reynolds  number  increases 

The  dominance  of  distant  to  local  madic  interacuons  has  been 
verified  in  moderate  Reynolds  number  dmect  simulations  by 
Domaradzki  &  Rogallo  (1990)  and  Yeung  &  Brasseur  (1991a). 
Again,  however,  we  must  be  quick  to  p^t  out  that,  whereas  Eq. 
(8)  mdicates  that,  on  average,  distant  madic  mteracnons  dominate 
local  interactions  within  the  dissipative  scales,  the  cumulative 
dominance  of  distant  tnadic  interactions  to  local  madic 
mteracnons  is  not  guaranteed.  Nevertheless,  the  cumulative 
effect  of  the  distant  mads  must  remain  finite  and  the  dependence 
of  small  scale  dynamics  on  the  large  scales  will  persist  in  the 
asymptotic  limit  of  infinite  Reynolds  numbers 

5,.  The  Necessity  of  Anisotropy  at  the, Small  Scales 
We  have  established  above  that,  whereas  no  energy  is  directly 
transferred  between  the  large  and  small  scales,  small  scale 
dynamics  is  coupled  to  large  scale  dynamics  in  the  high  Reynolds 
number  limit.  This  interdependence  between  small  and  large 
scales  IS  manifested  through  the  energy  exchange  among  high 
wavenumber  modes,  modulated  by  the  energy-containing  region 
of  the  spectrum.  It  seems  plausible,  therefore,  to  anticipate  a 
strucniral  coupling  between  the  energy-containing  scales  and  the 
dissipative  scales  We  present  here  an  argument  to  show  that  this 
IS  the  case,  with  the  consequence  that,  in  pnnciple,  anisouopy  in 
the  large  scales  leads  to  anisotropy  in  the  small  scales.  Clecrly, 
this  conclusion  is  at  variance  with  the  concept  of  a  universal, 
locally  isotropic  structure  at  the  small  scales. 

Consider  a  fully  developed  turbulence  which  is  isotropic  at  nil 
scales  except  withm  a  nanow  spectral  shell  at  low  wavenumbers, 
as  schematically  illustrated  in  Fig.  2  Let  ki  be  the  dominant 
energy  direcdo-  on  a  k-space  sphere  within  the  energy-containing 
scales  (k|  should  be  interpreted  as  an  average  over  an  ensemble 
of  low  wavenumber  modes).  Now  imagine  all  the  distant  triadic 


LARGE 

SCALES 


FigureZ.  An  anisotropic  distribution  of  energy  within  a  spectral 
shell  in  the  low  wavenumber  energy-containing  modes  The 
dominant  energy  direction  is  k\. 
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Figures.  Depletion  of  energy  due  to  low  rates  of  energy 
transfer  within  narrow  cones  in  the  directions  ±  *1  due  to  distant 
tnadic  interactions  with  modes  in  the  anisotropic  energy- 
containing  scales,  shown  in  Fig  2. 


interactions  between  the  dominant  energy  mode  ki,  and  all  high 
wavenumber  modes  k„  m  a  narrow  spectral  shell  between  kx  and 
tn,  as  illustrated  in  Fig  3.  That  is,  consider  the  middle  group  of 
inadic  interactions  in  Eq  (4).  The  high  wavenumber  modes  are 
in  an  isotropic  state,  so  that  energy  is  distributed  uniformly  on  a 
sphere  of  large  radius,  k„.  We  learned  from  Eqs.  (6)  and  (7)  that 
the  rate  of  energy  exchange  in  every  distant  uiad  between  k,  and 
high  wavenumber  modes  kx  and  ki  is  modulated  by  the 
combination  ).  where  is  either  high  wavenumber 
mode.  Because  the  large  scales  are  anisoiroptcally  dismbuted 
with  dominant  direction  k\,  the  rate  of  energy  exchange  will  be 
reduced  in  the  duecuon  *1  as  compared  with  other  duections  on 
the  high-*  sphere  (N.B  ,  *„•«(*!)  =  0  when  *n  and  *1  are 
colinear).  Over  lime,  energy  will  be  depleted  in  the  duecuon  k\ 
within  the  high  wavenumber  modes^  and  the  energy  disttibuuon 
will  become  nonuniform  on  high  wavenumber  shells,  Therefwj, 
an  isotropic  energy  distribution  at  the  small  scales  1$  moved 
towards  an  anisotropic  state  with  a  structure  related  to  the 
anisotropic  smictute  of  the  large  scales  In  pnnciple,  isotropy  at 
the  small  scales  requues  isotropy  at  the  large  scales  and  a 
universal  small  scale  structure  independent  of  large  scale  smiciurc 
cannot  exist 

6.  Random  Uniforni  Sweeping  of  the  Small  Scales 
Random  uniform  sweeping  of  small  scales  is  given  in  the 
limit  kilki  ~  ki/kj  a  5  -*  0  by  taking  ti  to  zero  while  holding 
ki  ~  ki  fixed.  Uniform  sweeping  should  have  no  affect  on 
turbulence  evolution.  This  is  easily  shown  to  be  the  case.  In  the 
limit  *i-»0,  tj  a -kj,  ||(*3)  =  B*(*2),  e(tj)  =  e(*2).  and 
^*2)  =  e(*3)  Eq-  (7),  however,  demands  that  e(t2)  =  ~Hki) 
when  5=0,  which  can  only  be  the  case  if  efkj)  =  Hkj)  m  0. 
Thus,  modes  at  t  =  0  play  no  role  in  turbulence  evolunon 
It  is  instructive  to  idenufy  the  source  of  this  result,  which 
suggests  that  modes  with  wavenumbers  near  zero  might,  by 
virtue  of  thetr  large  scale  alone,  play  a  weaker  role  in  distant 
interacnons  than  modes  farther  from  *  =  0,  This,  however,  is 
not  the  case  k|  a  0  necessarily  requires  kim-ki  am.,  by  the 
requirement  that  the  velocity  field  v(jr,t)  be  real,  »(- 
*2)  =  B*(k2)  a  ulki).  Consequently,  when  k|  a  0,  modes  kx 
and  ki  are  no  longer  independent— the  amplitudes  and  phases  of 
one  mode  may  be  obtained  directly  from  the  other  mode. 
However,  if  ki*0,  no  matter  how  small,  then  modes  *2  and  *3 
are  independent,  u{ki)*u*(,kx),  e{kx)*e(.ki),  and  Hkx)*H.ki) 
in  general.  We  conclude  that  the  coupling  between  large  and 
small  scales  at  asympioticaiiy  large  Reynolds  numbers  should 
properly  be  viewed  in  the  limit  S->0  with  ki  finite.  In  this  limit, 
large  and  small  scales  interact  directly  according  to  Eqs  (6)  and 
(7)  regardless  of  the  magnitude  of  k\. 

^Siginificant  energy  depletion  appears  to  take  place  within  a  roughly  20* 
cone  of  wave  vectors  aligned  in  the  direcuon  *1  (Brasseur  A  Wci  1991) 


7 .  Response  of  Small  Scales  to  Large-scale 

Stirring:  a  Numerical  Experiment 

The  considerations  above  indicate  that  the  small  scales  arc 
directly  coupled  to  the  large  energy-containing  scales  through 
distant  irudic  inier.ittioiis  which  persist  to  asymptotically  hirge 
Reynolds  numbers,  and  that,  011  average,  these  distant  triadi, 
interactions  play  a  dominant  role  in  the  menial  dynamics  of  the 
small  scales  Consequently,  the  large  energetic  scales  impress 
their  structure  directly  on  me  small  scales,  and  modification  of 
large  scale  structure  should,  in  pnnciple,  lead  to  modification  of 
small  scale  structure*'  Furthermore,  the  order-of-magnilude 
estimates  in  Eq.  (9)  suggest  that  a  restructunng  of  the  small  scales 
by  the  energy-containing  scales  will  be  felt  more  strongly  with 
increasing  Reynolds  number  and  wiH  be  felt  more  strongly  as  the 
scale  decreases  Both  of  these  conclusions  are  at  odds  with  the 
notion  of  a  locally  isotropic  universal  spectrum  at  the  small 
scales. 

To  test  these  conclusions,  a  numencal  experiment  was 
performed  in  which  initially  isotropic  turbulence  was  forced 
anisolropically  in  a  narrow  shell  at  the  peak  of  the  energy 
spectrum  (Yeung  &  Brasseur  1991a)  Pseudospectral 
calculations  were  carried  out  on  a  128’  gnd  with  periodic 
boundary  conditions.  Gaussian  iniaal  conditions  relax  to  an 
asymptotic  state  of  isotropic  decay.  Forcing  was  applied 
continuously  to  imtially  isotropic  turbulence  at  Rei.  =  32.  Energy 
and  vorticity  were  added  to  the  turbulence  through  the  array  of  16 
two-dimensional  counter-rotaung  vortices  shown  in  Fig.  4  which, 
in  Fourier  space,  consist  of  four  Founer  modes  with  wave 
vectors  of  gth  2V?oncnted  within  the  x-y  plane  at  ±45'  to 
the  x-y  axes,  k  =  l-iT"  lies  near  the  peak  in  the  energy 
spectrum.  Modes  up  to  ts60  were  well  resolved. 
Consequently,  the  most  distant  triads  with  the  forced  modes  had  a 
high-to-low  wavenumber  ratio  of  about  20  (5u,„=0  05). 

The  details  of  the  analysis  is  given  in  Yeung  &  Brasseur 
(I99U).  The  pnmary  result  is  summarized  in  Fig  5.  Here  the 
third  pnnciple  invanant  of  the  anisotropy  of  the  sphencally 
integrated  energy  spectrum  tensor,  E,j(il:),  is  plotted  against 
wavenumber  after  continuous  forcing  for  two  large-scale  eddy 
turnover  times.  Large  levels  of  anisotropy  are  built  up  at  ii;=3 
due  to  forcing  The  structure  of  the  turbulence  at  these  large 
scales  is  dominantly  two-component  in  the  velocity  (x,y)  and 
one-component  m  the  vorticity  (z)  After  an  initial  time  lag  of 
about  one  eddy  turnover  ume,  the  small  scales  respond  rapidly  to 
the  anisotropic  forcing  at  the  large  scales  and  become  highly 


Figured.  Isocontours  of  the  vomcity  distribution  of  an  array  of 
16  counter-rotating  revtlliiicai  vuilices  winch  aic  continuously 
forced.  Forcing  is  2D  in  the  velocity  (x-y  plane)  and  ID  in  the 
vorticity  (r). 

^One  should  note  that,  whereas  the  influence  of  the  large  scales  on  the  small 
scales  in  a  first  order  effect,  the  influence  of  the  small  scales  on  the  large  is  a 
second  Oder  effect  which  becomes  very  weak  in  the  high  Reynolds  number 
limit. 
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Figures.  Third  principle  invariant  (IHaJ  of  the  spectral 
anisotropy  tensor  diinng  continuous  anisotropic  forcing  at  the 
large  scales  over  two  eddy  turnover  times  (curves  A-C),  and 
relaxation  after  forcing  is  removed  (curve  D)- 
A, j  =  E, /*)/£„(*) -5,/3 

anisotropic  at  about  two  eddy  turnover  times.  However,  the 
anisotropic  structure  of  the  small  scales  is  very  different  from  the 
large  scale  structure —the  dominant  energy  direction  at  the  small 
scales  is  2,  and  the  vorticity  strengthens  in  the  x  and  y  directions 
Signifti-nnt  anisotropy  builds  up  above  wavenumbeis  which  arc 
roughly  an  order  of  magnitude  or  higher  than  the  forced  modes 
Particularly  significant  is  the  observafon  that,  consistent  with  Eq 
(9),  the  level  of  anisotropy  at  the  small  scales  increases  with 
wavenumber  That  is,  the  smaller  the  scale,  the  stronger  the 
effect!  It  is  shown  in  Yeung  &  Brasseur  (1991a)  that  this 
restructunng  of  the  small  scales  is  wholly  dominated  by  the  mote 
nonlocal  triadic  interactions  between  the  high  wavenumber  and 
forced  modes.  In  subsequent  studies  we  have  shown  that  in 
physical  space  this  forced  large-small  scale  interaction  is 
dominated  by  the  convection  and  stretching  of  small  scale 
vortictty  by  the  large-scale  forced  energetic  sfructures,  leading  to 
an  anisotropic  structure  at  the  small  scales  very  different  from 
large  scale  structure  being  forced  (Yeung  &  Brasseur,  I99Ib). 

8,  Some  Comments  on  Isotropizing  Influences  at 
the  Small  Scales 

An  important  point  relative  to  the  study  just  desenbed  is 
summarized  by  Figs  6  and  7  In  Fig.  6  the  diagonal  components 
of  the  spherically  integrated  energy  transfer  spectrum,  Toaf*),  are 
plotted  against  wavenumber  after  forcing  for  two  eddy  turnover 
hmes  (the  Too(*)  are  normalized  with  IT]  i(ik)|-t-|r22(*)|+|r33(*)|, 
limiting  the  ratio  to  values  between  -1  and  -t-l).  Fig.6  shows 
that,  whereas  near  the  large  scale  forced  modes  energy  is 
transferred  into  the  x-y  velocity  components  by  the  two- 
dimensional  forcing,  at  the  small  scales  energy  is  transferred 
dominanUy  into  the  z  direction.  A  similar  plot  is  shown  in  Fig.  7., 
however  here  only  those  tnadic  interactions  which  include  one 
mode  in  a  narrow  shell  around  the  forced  modes  (band  p)  are 
included.  Consequently,  at  high  k,  Taa(hlp)  includes  only  the 
nonlocal  or  distant  tnadic  interactions  with  modes  in  shell  p. 
Note  that  Figs.  6  and  7  look  similar  at  high  wavenumbers, 
indicating  the  dominance  of  the  more  nonlocal  interactions  in  the 
intermodal  energy  transfer  process  Note  also,  however,  that 
when  local  rnarhe  interactions  arc  excluded  at  the  small  scales,  the 
energy  transfer  process  is  more  anisotropic  than  when  local 
mteracdons  are  included.  Thus,  the  global  effect  of  local  tnadic 
interactions  in  this  calculation  is  to  isotropize  the  small  scales. 

The  global  effects  of  distant  and  local  tnadic  interacdons  in 
the  asymptotic  limit  of  large  Reynolds  numbers  have  been  studied 
by  Brasseur  and  Wei  (1991)  through  statistical  calculations  of 
interconnected  'chains'  of  local,  nonlocal  and  distant  tnad-c 
interactions  Consistent  with  the  low  order,  nonstaiistical 
calculations  of  Brasseur  &  Corrsin  (1987)  we  have  found  that 


Figure  6  Normalized  component  energy  transfer  integrated 
over  sphental  shells  after  forcing  continuously  for  two  eddy 
turnover  times  A,0,Q  represent  the  o=  1,2,3  diagonal 
components  ofTaaW,  respectively  (x,y,2  directions). 


Figure?  Analogous  to  Fig  6,  however.  Tool*  Ip)  includes 
only  mads  with  one  leg  within  the  shell  p  where  2ipS4.  At 
high  wavenumbers,  Taaik  Ip)  is  the  energy  transfer  into  or  out  of 
a  high  k  shell  due  to  nonlocal  or  distant  madic  int.  ructions  with 
low  k  modes 


local-to-nonlocal  tnadic  interactions  at  wavenumbers  higher  than 
the  spectral  peak,  on  average  tend  to  transfer  energy  from  larger 
to  the  smaller  scales.  This  forward  cascading  charactenstic 
appears  to  be  strongest  among  groups  of  mterlinked  triads  which 
are  not  too  close  to  equilateral  (5  =  1),  but  not  highly  nonlxal 
(8<k1).  In  contrast  with  intercom  ected  distant  triadic 
interactions  which  tend  to  distnbute  energ-/  only  within  mads 
attached  to  the  low  wavenumber  modes  (Brasseur  &  Corrsin 
1987),  the  local-to-nonlocal  m  die  interactions  tend  to  transfer 
energy  uniformly  through  a  spectral  shell  -that  is,  without 
preferred  direction  in  k  -space.  Consequently,  as  energy  is 
transfened  within  these  local-to-nonlocal  madic  interactions,  it 
moves  through  each  successively  higher  wavenumber  shell  with 
an  increasingly  isotropic  dismbution 

The  isoDopizing  influence  of  interconnected  chains  of  local- 
to-nonlocal  tnadic  interactions  would  suggest  that  the 
anisotropizing  effects  of  large  scale  fencing  demonsnated  in  Fig. 
5  (vid.  i7)  would  eventually  be  reduced  when  the  energy  added 
at  the  large  scales  has  easraded  tn  the  small  scales  via  local -to 
nonlocal  triadic  interactions.  Furthermore,  this  isotropizing  effect 
should  be  felt  within  successively  higher  wavenumber  shells  a.i 
later  times.  This  is  found  to  be  the  case  in  the  moderate  Reynolds 
number  simulations  desenbed  above,  as  shown  in  Fig  8  (from 
Yeung  &  Brasseur,  1991b).  Here  the  third  principle  invanant 
shown  in  Fig.  S  is  plotted  against  time  within  spectral  shells  of 
width  d*  =  5  for  continuous  forcing  over  4  eddy  turnover  times. 
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Figures.  IIIa  from  Fig  5  integraled  over  spectral  shells  of 
width  Ae  =  5  IS  plotted  as  a  function  of  eddy  turnover  time.  The 
central  wavenumbers  for  each  spectral  shell  are' 

(A  3),  (B;8),  (C'13).  (D  18),  (E  23),  (F  28),  (G  33),  (H  38), 
(I  43),  (J  48),  (K.53) 


After  reaching  peak  anisotropy  within  each  spectral  shell,  the 
level  of  anisotropy  then  decreases  Peak  anisotropy  is  reached 
later  at  the  higher  wavenumbers,  consistent  with  the  arguments 
above. 

Detailed  analysis  surrounding  Fig  8  is  given  in  Yeung  & 
Brasseur  (1991b)  It  turns  out  that  frictional  effects  at  the  small 
scales  begin  to  dominate  small-scale  dynamics  at  roughly  two 
eddy  turnover  times,  providing  a  strong  isotropiaing  influence  at 
the  small  scales.  The  return  to  an  isotropic  state  at  about  3.5  eddy 
turnover  times  is  due  partially  to  the  effects  of  fnction,  and 
partially  due  to  a  re.urn  towards  isotropy  at  the  large  scales  The 
final  state,  however,  is  very  different  from  the  initial  state  at  all 
scales 

9.  Summary  and  Conclusions 

We  summary'  here  the  pnmary  conclusions  from  the  discussions 
above  All  conclusions  are  applicable  in  the  limit  of  high 
Reynolds  numbers 

Within  a  spectral  shell  at  the  small  scales,  inertial  interscalc 
dynamics  is  sepai  able  approximately  into  the  effects  associated 
with  distant  tnadic  interacnons  with  the  energy-containing  scales, 
and  effects  associated  with  local-to-nonlocal  tnadic  interacnons 
tnadic  interactions  within  the  shell.  The  asymptotic  form  of  the 
Navtcr-Stokes  equation  at  high  Reynolds  numbers  indicates  that 
individual  distant  tnadic  interactions  dominate,  on  average,  over 
local  triadic  interactions,  tending  ir  move  the  small  scales  to  a 
suuctural  slate  dirccdy  coupled  to  -dtc  strucnms  of  the  large  scales. 
An  anisotropic  structure  at  the  large  scales  therefore  induces  an 
anisotropic  suaicture  at  the  small  scales  The  effect  becomes 
stronger  with  Reynolds  number  and  is  stronger  at  smaller  scales. 

The  Navicr-Stokes  equations  show  that  no  direct  energy 
transfer  takes  place  between  large  and  small  scales  in  the 
asymptotic  limit  Consequently,  energy  from  the  large  energy- 
containing  scales  must  reach  the  small  scales  through  a  senes  of 
interconnected  chains  of  local-io-nonlocal  madic  interacnons.  As 
energy  is  n-ansfeired  l.irough  relatively  .larrow  specual  shells 
w  ithin  these  more  local  triadic  interactions,  it  tends  to  leave  the 
higher  k  side  of  the  shell  more  uniformly  dismbuted  than  as  it 
entced  on  the  lower  k  side.  In  this  way,  as  energy  moves  up  the 
spc'.trum  from  the  energy-containing  to  the  dissipative  scales,  it 
does,  so  in  an  increasingly  isotropic  manner. 


As  a  consequence  turbulence  which  has  undergone 
anisotropic  resttuctunng  at  the  large  scales  will  also  undergo 
anisotropic  rcsuuctunng  at  die  small  scale  through  direct  menial 
interaction  with  the  large  scales  After  sufficient  time  for  energy 
from  the  large  scales  to  reach  the  small  scales,  however,  a 
reduction  in  the  level  of  anisotropy  at  the  small  scales  may  be 
anticipated.  The  higher  the  Reynolds  number,  the  greater  range 
of  scales  must  be  traversed  for  large-scale  energy  to  reach  the 
small  scales  We  argue  that,  in  the  asymptotic  limit  of  infinite 
Reynolds  numbers,  energy  pansfcrred  out  of  the  large  scales  with 
an  anisotropic  energy  disurbution  will  arrive  at  the  small  scales 
with  an  isotropic  energy  distnbution,  but  that  it  will  take  infinitely 
long  to  gel  there. 

A  second  isotropizing  influence  important  at  the  small  scales 
IS  friction  As  a  linear  effect,  frictional  forces  tend  to  move  the 
energy  among  Founer  modes,  as  well  as  energy  among  the 
independent  complex  amplitude  components,  towards 
equipartmon  within  a  spectral  shell 

In  summary,  two  dynamical  processes,  interconnected  chains 
of  local-to-nonlocal  triadic  interactions  triadic  interactions  and 
fnclional  dissipation,  are  isotropizing  influences  at  the  small 
scales,  whereas  distant  tnadic  interactions  which  directly  couple 
small  scale  structure  and  large  scale  structure  can  move  the  small 
scales  toward  an  anisotropic  state  It  is  likely  that  under  different 
conditions  one  effect  may  dominate  the  other  for  different  penods 
of  lime  However,  regardless  of  the  relative  importance  of 
isotropizing  to  anisotropizing  influences  at  the  small  scales, 
distant  tnadic  couplings  wiU  remain  active  at  infinite  Reynolds 
numbers  and  the  smiclure  of  the  large  scales  will  always  impress 
itself  at  some  level  within  the  slrucmre  of  the  small  scales 
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ABSTRACT 

The  evolution  of  coherent  vorticlly  structures  Is 
Investigated  by  Direct  Numerical  Simulation 
(DNS)  with  a  resolution  of  128’  and  160’  grid- 
points  when  a  homogeneously  turbulent  flow  is 
forced  by  vertically  oriented  mean  shear  and 
thermally  stable  stratification  (negative  buoyan¬ 
cy)  Several  types  of  coherent  structures  have 
been  detected  in  flows  at  different  gradient 
Richardson  numbers  Ri  Besides  the  well- 
known,  vertically  inclined,  almost  symmetric 
horseshoes  or  hairpins  also  non-symmelric 
hooks  of  coherent  vorticity  dominate  the  neu¬ 
trally  stratified  (low  with  a  constant  shear  rate 
Sometimes  several  horseshoes  are  linked 
together  in  a  serpentine  form  The  structures 
prevail  in  the  flow  as  long  as  Ri  is  subcritical 
At  supercritical  Ri  the  heads  of  developed  hor¬ 
seshoe  oc  hook  voitices  form  into  rings  by  self 
induction  whereas  the  legs  are  dissolved  by 
viscous  forces.  The  vorticity  is  then  mainly 
organized  in  almost  horizontal  sheets  and 
streaks.  Several  video  sequences  elucidate  that 
evolution  of  coherent  vortices  in  stratified  shear 
flows 

INTRODUCTION 

Within  the  last  decade  it  became  more  and  more 
evident  from  experimental  and  numerical  data 
that  turbulence  -  despite  its  rather  chaotic  and 
random  character  in  space  and  time  -  reveals  a 
remarkable  degree  of  coherence.  This  is  parti-, 
culary  the  case  in  inhomogeneous  (lows  like 
boundary  layer  (lows,  mixing  layers,  and  jets 
(Head  &  Bandyopadhyay  1981,,  Hussain  1986). 
But  -  more  surprisingly  perhaps  -  coherent 
structures  have  also  been  delected  under  purely 
isotropic  conditions  (Schwarz  1990,  She  et  al 
1990).  In  inhomogeneous  shear  flows,  as  in  mix¬ 
ing  layers  with  a  curved  mean  velocity  profile, 
the  spariwise  (mean)  rolls  are  the  preferred 


vortex  modes  (see  e  q  Hussain  1986)  However, 
it  is  to  be  expected  that  in  a  homogeneous  flow, 
where  perturbations  get  influenced  by  the  mean 
properties  but  not  vice  versa,  different  vortex 
structures  will  develop.  Rogers  &  Moin  (1987) 
defected  horseshoe  or  hairpin  shaped  vortex 
structures  in  unsiratifipd  and  sheared  homoge¬ 
neous  turbulence  These  structures  are  vertical¬ 
ly  inclined  against  the  mean  Dow  direction  and 
they  transport  momentum,  heat  and  other  spe¬ 
cies  very  efficiently  The  findings  by  Rogers  & 
Mom  (1987)  and  She  et  al  (1990)  clearly  demon¬ 
strate  that  coherent  structures  do  form  in  homo¬ 
geneous  turbulence  (as  was  already  suggested 
by  Townsend  (1970))  and  even  in  isotropic  tur¬ 
bulence  Hence,,  in  those  (lows  coherent  struc¬ 
tures  do  not  form  due  to  linear  instability  of 
time-mean  profiles  but  evolve  locally  by  nonlin¬ 
ear  interactions  of  turbulence  Itself  and  grow 
due  to  the  "one-way"  forcing  of  the  mean  strain 
rate 

It  is  the  aim  of  this  contribution  to  investigate  the 
evolution  of  coherent  vorlex  structures  under 
slalisllcally  homogeneous  conditions  in  a  highly 
resolved  domain  with  128’  or  160’  gridpoints 
using  the  DNS-method.  We  consider  the  devel¬ 
opment  of  initially  isotropic  turbulence  under  the 
effects  of  viscous  dissipation,  thermally  stable 
stratification  (negative  buoyancy)  and  shear, 
where  the  external  forces  consist  of  uniform 
vertical  gradients  of  mean  velocity  cfU/dz  and 
mean  temperature  cfTt/dz  The  linear  mean  pro¬ 
files  guarantee  the  spatial  homogeneity  of  the 
turbulence  statistics,  but  still  allow  different 
temporal  evolutions  which  depend  on  three 
characteristic  numbers  The  gradient-Richard- 
son  number  Ri  =  ng  dT^ldz  /  (cfU/dz)’  (a  and  g 
represent  volumetric  expansion  coefficient  and 
gravitational  acceleration)  measures  the  relative 
strength  of  buoyancy  to  shear  forces;  the  Rey¬ 
nolds  number  describes  the  degree  of  turbu¬ 
lence  activity  and  the  Prandtl  number  relates 
kinematic  viscosity  v  to  thermal  conductivity  y. 


We  keep  Reynolds  and  Prandtl  numbers  fixed 
but  change  Ri  from  run  to  run,  see  Table  1 

Gerz  et  al.  (1989)  and  Gerz  &  Schumann  (1991) 
performed  direct  numerical  simulations  of  stably 
stratified,  homogeneously  turbulent  shear  flows 
with  a  (Taylor  length)  Reynolds  number  Re,  of 
initially  «  26,  They  analyzed  the  data  statistically 
and  found  a  separalion  inlo  subcritically  and 
supercritically  stratified  flow  regimes  depending 
on  Ri  Subcritical  regimes  are  characlenzcd  by 
increasing  turbulent  kinetic  energy  in  time  due 
to  the  shear  forcing,  whereas  perturbations  are 
damped  out  if  the  flow  is  supercritical  Al  the 
critical  value  R/jKO  13,  Gerz  &  Schumann  (1991) 
observed  an  almost  steady  flow  stale.  Since 
shear  dominates  in  subcritically  stratified  flows, 
horseshoe  slrucfures  are  expected  lo  develop 
as  they  do  in  unstratified  shear  flows  However., 
for  the  given  Reynolds  number  of  Re,a26  in  Gerz 
&  Schumann  (1991)  the  resolution  with  typically 
64’  gridpoints  was  loo  low  lo  reveal  coherent 
vortex  structures  in  the  computational  domain 

Holt  et  al.  (1991)  introduce  a  transition  Richard¬ 
son  number  Ri,(>RI^)  at  which  the  ratio  of 
potential  energy  to  kinetic  energy  is  maximum 
At  this  Richardson  number  the  flow  changes 
from  a  shear  driven  state  to  a  buoyancy  driven 
slate  and  the  vertical  heat  flux  approaches  zero 
Hence,  depending  on  the  relative  importance  of 
buoyancy  the  coherent  structures  will  evolve 
differently  in  flows  where  Ri  <  Ri,  than  in  flows 
where  Ri>Ri,  In  a  previous  study  (Gerz  1991)  I 
analyzed  structures  at  Ri,s:0  13  and  at  a  much 
higher  Richardson  number  of  1  32  (  >  Ri,)  Histo¬ 
grams  of  the  inclination  angle  of  the  vortices 
showed  maxima  at  about  30’  and  well  developed 
horseshoes  occured  al  this  angle  for  the  first 
case  whereas  inclination  angles  approached 
zero  and  almost  horizontally  oriented  sheets 
and  long  and  thin  streaks  of  vorticily  have  been 
found  in  tne  second  case.  In  this  study  we  will 
see  that  in  the  intermediate  range  of  Ri  with 
Ri,.  <  Ri  <  Ri,  the  shear  first  stretches  vortex  fil¬ 
aments  and  forms  horseshoes  or  hairpins  But 
at  a  certain  vertical  extent  the  structures  "feel" 
the  restoring  force  of  buoyancy  and  then  change 
inlo  n  shapes  and  rings.  A  similar  change  of 
structures  is  observed  when  a  developed 
unstratified  shear  flow  (Ri  =  0)  suddenly  experi¬ 
ences  a  strong  restoring  force  {Ri  =  0  66) 

METHOD  AND  PARAMETERS 

The  three-dimensional  Navier-Stokes  and  tem¬ 
perature  equations  for  perturbalion  velocities 
(u,  V,  w)  and  temperature  T  are  integrated  in  a 


cubic  domain  with  side  length  L  and  coordinates 
(x,y,  z)  pointing  in  downstream,  spanwise  and 
vertical  directions,  respectively.  The  Boussinesq 
approximation  is  used  Linear  gradients  of  ref¬ 
erence  temperature  T„{z)  and  mean  velocity 
U(z)  drive  the  flow  Periodic  and  shear  periodic 
boundaries  are  applied  in  the  horizontal  and 
vertical  directions,  respectively.  Details  see  in 
Gerz  et  al,  (1989) 

We  consider  non-dimensional  quantities  Scaling 
parameters  are  constant  density  p,  mean  veloc¬ 
ity  and  temperature  differences  AU  and  AT 
between  bottom  and  top  of  the  domain  and  box 
size  L  The  initial  temperature  perturbations  are 
zero  All  cases  start  from  the  same  isotropic 
velocity  fields,  except  run  D  which  is  initiated  at 
shear  time  f  =  6  of  the  fully  developed,  neutrally 
stratified  shear  flow  (case  A)  Initial  data  are 
summarized  in  Table  1 


Grid  points  m’ 

Rms  velocity  v  = 

Rms  temperature  r'  =  (rr)''’ 

Shear  number  Sh  =  {duldz) 

Reynolds  numbers  Re^rrut/v,  Re,=i)Z/v 

Prandtl  number  Pr  =  v  /  y 

Richardson  number  RI  =•  (ag  dT„ldi)  /  {dUldif 


128’,  160’' 
ooze 

0 

3  56 
26.8,  43  7 
1 


Integral lengih  Z 
Taylor  micro-length  t 
Kolmogorov  length  L„ 


0.07428 

004551 

0004468 


Table  1.  Non-dimensional  initial  data  and  character¬ 
istic  parameters  For  cases  A  and  D  M  =  128,  for 
cases  B,  C  and  E  M  ■■  160.  Bars  denote  ensemble  (i.e. 
3-d  spatial)  averages 


RESULTS 


The  evolution  of  turbulent  kinetic  energy 
E,,„  =  uji^  and  available  potential  energy 
E).oi  =  R'TT/2  of  all  flows  is  depicted  in  Fig  1 
Turbuience  is  enhanced  by  shear  and  is  damped 
by  stratification  and  viscosity  An  equilibrium  is 
achieved  when  is  constant  in  time.  This 
results  In  a  critical  Richardson  number 


uw  dTfjjdz 
wT  dUjdz 


(<-f  f) 


where  P  =  -UwdUldz  Is  the  production  rate,  t  the 
dissipation  rate  and  Pr,  is  the  turbulent  Prandtl 
number  (Rohr  et  al  1988)  As  can  be  seen  in  Fig 
1  and  as  has  been  discussed  by  Gerz  &  Schu¬ 
mann  (1991),  the  critical  Richardson  number  in 
our  simulations  is  close  to  R/„„k0.13.  For  values 
of  Ri<  {>)Ric,„  the  turbulence  is  growing 
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Fig  1  Turbulent  kinetic  energy  and  available  poten¬ 
tial  energy  for  cases  A  to  E  versus  shear  time  ( 


(decaying)  in  lime  Since  in  case  A  the  temper¬ 
ature  fieid  is  passive,,  large  temperature  fluctu¬ 
ations  do  occur  but  no  potential  energy  is  avail¬ 
able  (R;  =  0).  But  when  buoyancy  is  "switched 
on"  at  f  =  6  in  case  D,  suddenly  these  temper¬ 
ature  perturbations  provide  a  large  amount  of 
for  the  (low  Most  of  5,^  is  quickly  transferred 
into  kinetic  energy  where  it  results  in  a  rather 
smooth  decay  of  untill  f«7.5  Then  the  dissi¬ 
pation  rate  of  is  increased  (not  shown)  which 
aiso  increases  the  decay  rate  of  the  kinetic 
energy  at  f«8. 

Fig  2  shows  the  negative  correlation  coefficients 
of  the  vertical  fluxes  of  momentum  and  heat, 
-uw/o'w'  and  -wT/w'T'  (primes  denote  rms 
values),  versus  time  Turbulence  very  well  mixes 
momentum  and  heat  as  long  as  the  Richardson 
number  is  not  supercriticai  (dashed  iines)  For 
iarge  values  of  Ri  the  fluxes  quickly  approach 


Fig  2.  Correlation  coefficients  of  negative  fluxes  of 
momentum  and  heat  for  cases  A  to  E  versus  shear 
lime  t 

zero  and  even  become  positive  (solid  lines). 
Also  in  case  D  the  correlations  drop  quickly 
despite  their  rather  high  (but  of  course  unna¬ 
tural)  initial  values.  The  strong  decorrelation  of 
horizontal  momentum  and  vertical  velocity  and 
of  heat  and  vertical  velocity  indicates  a  vertical 
separation  and  decoupling  of  horizontal  layers- 
The  vertical  mixing  by  turbulence  Is  strongly 
reduced  The  heal  flux  becomes  zero  firstly  in 
case  C  with  R/  =  0  3J  which  indicates  that  the 
transient  case  has  a  Richardson  value  of 
Rf,%0  3  according  to  Holt  et  al  (1991).  However, 
note  that  the  momentum  flux  still  remains  nega¬ 
tive  due  to  its  direct  forcing  by  shear.  This  effect 
explains  the  strong  increase  of  the  turbulent 
Prandtl  number  with  growing  Richardson  num¬ 
ber  (see  Eq  1)  as  observed  in  various  stratified 
experiments  (Komori  et  al.  1983,  Rohret  al.  1988, 
Gerz  et  al  1989) 
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Fig  3  s’rojeclion  of  vorlicily  vectors  on  an  inclined 
plane  (6  -  36’)  for  Ri  =  0  at  /  =  4, 6  and  8  Vectors  with 
magnitude  >  2  are  displayed 

DISCUSSION 

After  that  short  review  of  the  statistical  behavi¬ 
our  of  turbulence  in  flows  with  different  Richard¬ 
son  numbers  we  now  concentrate  on  the  coher¬ 


ent  structure  of  vorticity  in  such  flows  The  sub¬ 
sequent  figures  show  vorticity  vectors  (wj.ot,) 
projected  on  a  plane  ({,  ij  -  y)  which  is  inclined 
against  downstream  direction  (x)  by  rotation 
around  the  y-axis  at  an  angle  0  In  most  cases 
the  inclination  angle  is  0  =  36°  which  Is  about 
the  angle  at  which  developed  coherent  vortex 
structures  in  shear  flows  are  inclined  due  to  a 
balance  of  stretching  and  rotating  of  the  vorticity 
filaments  by  the  mean  strain  rate  dUldz  (Rogers 
&  Mom  1987,  Gerz  1991) 

The  development  of  coherent  structures  in  the 
projected  vorticity  field  for  case  A  with  Ri  =  0  at 
times  4,  6  and  8  can  be  studied  in  Fig,  3  For 
reasons  of  legibility  only  vorticity  vectors  are 
shown  which  exceed  a  magnitude  of  2.  At  early 
limes  vorticity  appears  to  be  organized  in  tubes 
and  sheets  as  known  from  isotropic  flows.  But 
when  time  proceeds  more  and  more  hook-like 
structures  occur  which  consist  of  a  “head"  with 
positive  lateral  vorticity  and  one  "leg"  with  vor- 
licily  oriented  in  mainly  both  upstream  and 
downstream  tilled  directions  At  f  =  8  a  horsesh¬ 
oe  vortex  can  be  distinguished  in  the  lower  part 
of  the  frame  It  has  almost  equally  developed 
long  legs  connected  by  a  strong  head  which 
forms  like  a  II  due  to  self  induction.  Vorticity  is 
maximum  in  the  legs  Since  in  homogeneous 
flows  c  =  the  legs  also  suffer  from  strong¬ 
est  dissipation  (Gerz  1991). 


0  25  0  49  INCL  X  0  74 


Fig  4  As  Fig  3  for  R/  =  0  13  at  I  =  7  94  Focus  on  a 
section  of  the  plane.  Vectors  with  magnitude  >  1  5  are 
displayed  The  projected  momentum  flux  m;  Is  shown 
by  contours 

If  the  flow  is  weakly  stratified  as  in  case  B  with 
Ri  =  013  we  also  observe  hairpins  as  docu- 
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mented  in  Fig  4  There  we  focus  on  a  quarter  of 
the  area  of  the  lilted  plane  in  the  flow  at 
( =  7  94  Three  strong  hairpins  clearly  dominate 
Note  that  they  are  connected  with  each  other 
sharing  legs  together  and,  thus,  forming  a  ser¬ 
pentine  vortex  Between  the  legs  of  each  struc¬ 
ture  maximum  values  of  negative  momentum 
flux  nif  are  observed  (as  well  as  heat  flux,  not 
shown)  which  confirmes  the  important  role  of 
these  structures  for  the  mixing  process 
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Fig  5  As  Fig  3  for  Ri  =  0  33  at  (  =  425  and  431 
Focus  on  a  section  of  the  plane  Vectors  with  magni¬ 
tude  >  1  5  are  displayed. 


Fig  5  now  depicts  two  voiticity  Fields  at  two 
subsequent  times  of  flow  C  with  Hi  =  0  33  A  for¬ 
mer  horseshoe  vortex  changes  into  a  ring  vor¬ 
tex  With  increasing  Richardson  number  the 
possible  vertical  extent  of  an  eddy  decays  since 
the  restoring  force  increases  In  other  v,(ords,  the 
flow  develops  into  horizontal  layers  which  gel 
more  and  more  vertically  decoupled  (Gerz  & 
Schumann  1991).  At  W  =  033,  which  is  almost 


mn,  X 


Fig  6  As  Fig  3  (or  Ri  =  0  66  at  (  =  9,  12  and  15.  Focus 
on  a  section  of  the  plane  Vectors  with  magnitude 
>  0  5  are  displayed 


the  transient  Richardson  number  (see  Fig  2),  the 
horseshoe  structure  grows  Initially  by  vortex 
stretching  until  buoyancy  limits  a  further  growth. 
The  legs  are  then  dissolved  by  viscosity  and 
cannot  be  rebuild  by  shear  since  a  further 
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stretching  is  prohibited  by  the  restoring  force 
The  head  of  the  former  horseshoe,  however,, 
survives  and  mutates  into  a  ring  due  to  self-in¬ 
duction  forces. 

If  a  fully  developed,  neutrally  stratified  flow  sud¬ 
denly  experiences  strong  gravitational  forces 
due  to  a  sudden  stable  stratification  with 
Ri  =  0  66  (case  D)  the  horseshoe  vortices  quickly 
degenerate  to  vortex  rings  which  often  occur  as 
pairs  as  can  be  seen  in  Fig  6  The  vorticity  of  the 
same  flow  has  been  projected  onto  a  less 
inclined  plane  (0  =  12°)  in  Fig  7  We  find  sheets 
of  rather  weak  but  equally  orienled  vorticity 
similar  to  the  structures  found  by  Gerz  (1991)  for 
Ri  =  1.32  They  are  typical  for  vertically  almost 
decoupled  shear  layers  However  as  Fig  6 
reveals,  the  ring  vortices  as  the  remainder  of  the 
former  horseshoes  still  exist  with  a  veitical 
inclination  of  36°  at  this  time  t  =  IS  due  to  the 
self-induction  process 


Fig  7  Projection  of  vorticity  vectors  on  an  inclined 
plane  (0-12°)  tor  R/  =  0  66  at  (  =  15  Vectors  with 
magnitude  >05  are  displayed 


CONCLUSIONS 

In  stably  stratified  shear  flows  with  subcrWcal 
Richardson  numbers  horseshoe  shaped  vortex 
structures  evolve  as  known  from  homogeneous 
shear  (lows  without  stratilication.  Buoyancy  does 
not  affect  the  dynamics  of  the  flow  considerably. 
Typically,  those  structures  are  not  symmetric 


and  often  reveal  shapes  like  a  hook  rather  than 
like  a  horseshoe  The  flow  at  subcritical  and  cri¬ 
tical  Richardson  numbers  is  fully  turbulent  and 
the  observed  structures  control  the  dynamics  of 
the  flow  like  heat  and  momentum  transport.  In 
flows  with  supercritical  but  subtransient  Rich¬ 
ardson  numbers,  R/j  <  Ri  <  Ri,,  inclined  hor¬ 
seshoe  vortices  form  at  early  stages  of  the  flow 
evolution  When  the  structures  have  reached  a 
certain  vertical  size  (which  depends  on  Ri),  they 
get  influenced  by  the  restoring  force  of  buoyancy 
and  the  curved  tips  of  the  horseshoe  vortices 
form  into  II  shapes  and  eventually  into  rings  by 
self-induclion  forces  A  similar  evolution  of 
structures  is  observed  when  a  fully  developed, 
neutrally  slratified  (low  suddenly  experiences  a 
strong  gravitational  force  The  sheets  and 
streaks  of  vorticity  which  are  then  found  in 
almost  horizontal  layers  are  similar  to  but  larger 
then  the  structures  found  in  isotropic  turbulence 
with  the  difference  that  they  only  survive  hor¬ 
izontally  Gerz  (1991)  argued  that  these  sheets 
represent  vertically  decoupled  shear  layers 
whereas  the  streaks  can  be  associated  with 
gravity  oscillations 
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ABSTRACT 

Throe  -  dimensional  turbulent  flowfield  around 
a  cube  placed  in  a  surface  boundary  layer  is  predicted 
using  Large  Eddy  Simulation  (LES),  Algebraic  Stress 
Model  (ASM)  and  the  standard  k-e  Eddy  Viscosity 
Modal  (k-e  EVM)  with  similar  boundary  conditions 
The  accuracy  of  these  simulations  is  assessed  by 
comparing  the  numerical  results  with  those  of  wind 
tunnel  tests  conducted  by  the  authors.  The  differences 
between  the  results  given  by  these  three  turbulence 
models  are  examined  precisely  by  comparing  the 
distributions  of  velocity  vectors,  turbulence  energy  k, 
turbulence  production  P,  and  normal  stress  components 

<UiU,'>. 

1  INTRODUCTION 

In  this  study ,,  the  accuracy  of  numerical 
simulations  based  on  LES,  ASM  and  k-s  EVM  is 
examined  for  the  turbulent  flowfield  around  a  surface - 
mounted  cube.  Numerical  studies  of  flowfields  around 
bluff  bodies  placed  within  channel  flows  have  been 
carried  out  by  several  authors  [Durst,F.  and  Rastogi, 
A  K.(1979),Werner,H,  and  Wengle,H.(1989),Obi,S.,Peric, 
M.  and  Scheuror,G.(1990),  etc].  In  this  study,  the  cube 
IS  placed  within  a  surface  boundary  layer  which  has 
relatively  large  magnitudes  of  turbulence  intensities 
in  comparison  with  those  of  channel  flows  and  this 
produces  some  differences  between  the  flowfield 
treated  here  and  those  in  previous  studies. 

The  flowfield  analyzed  here  is  extremely  complex. 
It  consists  of  stagnation  at  the  windward  face, 
separation  at  the  frontal  corner  and  Karman's  vortex 


street  behind  the  cube  The  most  distinctive  feature 
of  such  a  flowfield  is  found  in  the  distributions  of 
each  component  of  the  strain  -  rate  tensor 
(d<Ui>/dXj+d<U/>/dx,),  which  is  highly  anisotropic  and 
changes  significantly  depending  on  the  relative  position 
over  the  cubic  body.  Therefore,  the  application  ofk-e 
EVM.  which  Is  based  on  an  isotropic  Eddy  Viscosity 
Model,  to  such  an  anisotropic  flowfield  may  have 
serious  limitations. 

In  the  first  part  of  this  paper,,  the  accuracy  and 
the  relative  performance  of  these  three  turbulence 
models  are  assessed  by  comparison  with  the 
experimental  data.  It  is  confirmed  that  the  results  of 
LES  agree  very  well  with  the  experimental  results.  In 
the  latter  part,  the  results  of  k-s  EVM  and  its  algebraic 
extension  (ASM)  are  scrutinized  using  both  the 
numerical  data  given  by  LES  and  the  experimental  data 
from  the  wind  tunnal  tests.  The  shortcomings  of  these 
two  models  are  then  examined. 

2.  OUTLINE  OP  NUMERICAL  SIMULATIONS 

2. 1.  Model  equations  end  numerical  methods 

The  standard  formulation  for  k-s  EVM  [Launder, 
B.E.  and  Spalding,J.L.(  1972,1 974)]  was  adopted.  In  LES, 
the  Smagorinsky  subgrid  model  [Smagorinsky.J  S. 
( 1 963). Deardorff,J.W.(  1970)]  was  applied  and  the 
value  of  0.12  was  selected  for  the  Smagorinsky 
constant  Ci.  The  model  equations  for  ASM  are  shown 
in  Table  1.  The  commonly  adopted  form  for  ASM  was 
used,  following  the  methods  of  Rodi,W.(1976),  Gibson, 
M.M.  and  LBunder,B.E.(1978)  except  for  the  treatment 
of  the  wall  reflection  term  tfx  (of.  APPENDIX  2) 
[Murakami,S.,Kato,S.  and  Kondo,Y.(1990)].  The  values 


NOMENCLATURE 

i(  •:  three  components  of  spatial  coordinate 
(r  =  1,2,3  ;  streamwise,  lateral,  vertical) 

</>•■  time  -  averaged  value  of  / 

7  •  filtered  value  of  / 

/'  :  deviation  from  </>, 

/■=/-</;>  (In  LES^  /'-/-<» 

/"  ,■  deviation  from  7,  f 
•:  height  of  cube 

U(  '  three  components  of  velocity  vector 
Uj  'U,  value  at  inflow  of  computational  domain 
at  height 
p  •.  pressure 
V,  ■■  eddy  viscosity 
Uses'  subgrid  scale  eddy  viscosity 
k  .  turbulent  kinetic  energy,  k  =  ’/i  <■  ujui  > 
k'  •  subgrid  component  of  ft,  ft*-)4U(’'U('’ 

Pj  ■  production  of  ft 
£  ■:  dissipation  rate  of  ft  _  _ 

(In  LES,  s-<vscs^ti,ldxi(duildxi+duildxi)>) 


<  ufuj  >  :  Reynolds  stress 
P(/  ■:  production  of  <  u,'ii/  > 

£(/  :  dissipation  rate  of  <  UfU/  > 

Cl,  :  convection  term  of  <ii('ir/>, 

D„  •;  dif f u|ion  term  of  <  u/u/  > ,, 

Oir^(-<“i'“/“»’>-<P'«i'>^/»-<P'U/’>i5|*) 

^11  •:  pressure  -  strain  correlation  term  (consists  here 

of  4>g„).  and  Kim.  of-  APPENDIX  2) 
h|  ■:  mesh  interval  in  x,  direction 
ft  ■:  mesh  scale,  ft-(ft  iftjfta)''’ 
hp  ■:  mesh  interval  adjacent  to  solid  wall 
(u,)^:  tangential  component  of  velocity  vector 
at  the  near -wall  node 
ft/>  -ift  value  at  the  near -wall  node 
Sp  c  value  at  the  near  wall  node 
Tw  :  wall  shear  stress 
ftr  ;  vertical  distance  from  the  ur  -  th  wall 
Re  ■:  Reynolds  number  (<U(>ffj/u'=  8.4  x  10^) 

Values  are  made  dimensionless  by  <ui>,Hs  and  air  density  p. 
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of  the  numerical  constants  in  ASM  follow  those 
proposed  by  Launder.B  E  .Reece, G.J  and  Rodt,W.(197S) 
and  Launder.B  E. (1983) 

A  staggered  grid  was  adopted  A  second -order 
upwind  scheme  (the  QUICK  scheme)  was  applied  for 
the  convection  terms  in  the  cases  of  k-e  EVM  and 
ASM  A  second  -  order  centered  difference  scheme  was 
adoptee  for  the  other  spatial  derivatives  The  Adams - 
Bashforth  scheme  was  used  for  time  marching. 

2  2  Mesh  arrangements  and  boundary  conditions 

The  computational  domain  covered  15  7  (r, 
direction),  9  7  (ii  direction)  and  5  2  (r.  direction).  This 
domain  was  discretized  into  50  (ii)  x  49  (if)  X  28  (ii) 
meshes  for  the  cases  of  k-e  EVM  and  ASM.  and  63 
(i,)  X  49  (if)  X  34  (if)  meshes  for  the  case  of  LES 
The  value  of  /i*  was  set  at  1/24  for  all  cases. 

Boundary  conditions  are  summarized  in  Table  2 
For  the  inflow  boundary  of  LES,  time  history  ofu,(() 
in  a  fully  developed  channel  flow  predicted  by  LES 
were  utilized  The  profiles  of  <Ui(ii)>  and  k(fi  in  the 
boundary  layer  of  the  channel  given  by  LES  correspond 
well  to  those  of  the  experiment  (cf.Fig  1).  For  the 
boundary  conditions  at  the  solid  walls,  the  generalized 
logarithmic  law  expressed  by  aqn.(2  1)  [Launder.B.E. 
and  Spalding.J.L.(1974)]  was  employed  in  order  to 
estimate  the  time  -  averaged  wall  shear  stress  <!>> 
for  the  oases  of  three  models.  Furthermore,  eqn.(2.4) 
was  used  to  specify  the  instantaneous  wall  shear 
stress  i»  for  the  case  if  LES  As  shown  in  Table  2. 
almost  the  same  boundary  conditions  were  imposed 
for  the  calculations  of  the  three  models  so  far  as 
the  time  averaged  flowfields  are  concerned.  Therefore. 
It  can  be  concluded  that  the  differences  observed  in 
the  results  from  these  three  models  are  mainly  caused 
by  the  difference  in  turbulence  modellings. 


Tablet  Model  equations  for  ASM 


d<iii>  d<Ui><u,>  dp  d<Ui'Ui> 
dt  dll  dx,  dxi 

(P.-£)^!^-P„+(P„-ei/ 

C.-^(C.<u,'u;>.f|) 

^  ,  ,  d<u,> 

^  ,  ,  d<u,>  ,  ,  d<Ut> 


2  . 


^.r^iiiii+Oi/ia+lfiTiii  (cf  APPENDIX  2) 

^|/lll“-('|■^(^t^|  hi  >  ^^lA) 

Ova— Ci(P,r|tf»P.) 

0.7,11-  2  C,h<Ut'u„'>’nr-n^-S„ 

ivi  K 

-f<p;u/>.nr-n,“).gg^ 

C,  ;  0.09,  d,  :•  1 .0,  d.  ;■  1 .3,  C,  1 .8,  C,  0.6. 
C,’.0.6,  C,';0.5.  C»:0.22,  C,:0.16, 

C„  :•  1 .44,  C„  :•  1  92,  C, :  2.6 


(1  1) 
(1.2) 

(1  3) 
(1.4) 
,(1.5) 

(1  6) 

(1.7) 

(1.8) 
(1.9) 
(1  10) 
(1  11) 
(1  12) 
(1.13) 


(1.14) 

(1  15) 


Table  2  Boundary  conditions 


*-e  EVM.  asm 

m  1 

mflow 

(mMSurod  orofil*  m  wind  tunntl) 

<u,Ui)>  «  0.  <UiCxi)>  -  0 

ACTi)  predicted  distnbution  m  plane  chanr^ 

by  LES  (thit  distnbution  corrasponds  wail  to 
that  measuied  m  the  expenment  (R9I}) 

i/iCti)  -  etEi)  - 

fW-  (r,ti4-ew) 

<u,**(ij  >  “  * 

uM,  ulw. 

time  history 
velocity  m  b 
lever  of  plan 
chanr>al  pred 

LES 

<uiW>“0 

<Uitri)>-0 

t) 

of 

oundary 

e 

cted  by 

outflow 

<i/i>.  <0i>.  <u»>,  A.  f  Irac  slip  (3/?Xi“0> 

ui.  ui .  free  slip 

Upotr  f*e«  of 
eomoutationol 
domain 

<Ui>  -  0. 

<Ui>,<0i>,  A.  e  .  free  slip  (3/dx#-0) 

y»-0. 

Ut.  Ut  free  slip 

aida  faoas  of 
computational 
domain 

<u,>  »  0. 

<Ui>,<u»>,  A,  e  .  free  slip  (.d/dXfO) 

«i-0. 

Uk  ui  free  slip 

solid  wall 

The  time  avarsoed  wall  shear  stress  <Tr>  is  otven 
by  equation  (2  1).  The  volume  averaged  value  of 
e  at  the  near  -  wall  gnd  used  for  transport  aquation 
of  A  la  expressed, b  equation  (22),  and  defined 
as  i.  The  value  of  e  at  the  near  -  wall  node  used 
for  transport  equation  of  s  is  defined  by  equation 
(23), 

Ktlf  V 

^Ilraealip 

(«-04.C,«009.E-90) 

(u^P 

i»-  <rF>  X  --J  ■  ■ 

••••  (2.4) 
<tm>  IS  estimated  by 
equation  (2.1). 

<(u,)p>.  kf  are  given 
by  using  the  results 
of  the  foregoing  time 

atana 

■  experiment 

O  k-e.  ASM,  LES 

(predicted  distribution 
in  the  boundary  layer 
of  plane  channel  by  LES) 


i) 


t-ig.l  Profiles  of  fetii) 
at  inflow  boundary 
(ii ;  vertical  direction) 
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3  OUTLINE  OF  WIND  TUNNEL  TESTS 

A  cube  -  shaped  model,  200mm  in  height,  was 
placed  in  the  turbulent  boundary  layer  The  Reynolds 
number  based  on  <«*>  and  was  about  8.4  X  10*. 
The  wind  velocity  was  measured  by  a  tandem  — type 
hot  wire  anemometer  which  could  monitor  each 
component  of  an  instantaneous  velocity  vector. 

4  RESULTS  AND  DISCUSSION 

4. 1.  Distributions  of  k  and  mean  velocity  vectors 

The  distributions  of  k  at  the  central  vertical 
section  are  illustrated  in  Fig. 2.  The  result  given  by 
LES  agrees  very  well  with  that  of  the  wind  tu'-nel 
experiment  except  for  the  value  in  the  downstream 
free  shear  layer  above  the  recirculation  region  behind 
the  cube,  where  the  value  of  k  from  LES  is  a  little 
larger  than  the  experiment.  Slightly  larger  values  of 
k  in  the  free  shear  layer  may  be  attributed  to  the 
inadequacy  of  the  value  of  C!  =  0I2  Previous  studies 
reported  that  the  appropriate  value  of  Cs  is  around 
0  14  in  such  flowfields  as  free  shear  layer  just  behind 
a  backward  facing  step  [Morinishi.Y.and  Kobayashi.T. 
(1990)]  On  the  other  hand,  the  result  of  k  given  by 
k-t  EVM  IS  quite  different  from  the  experiments,  in 
particular,  the  value  of  k  becomes  much  larger  in  the 
area  around  the  frontal  corner.  The  distribution  of  k 
given  by  ASM  agrees  rather  well  with  that  given  by 
the  experiment,  but  its  k  value  is  estimated  to  be  a 
little  larger  in  the  area  just  before  the  windward  face, 
and  too  small  in  the  area  near  the  floor  behind  the 
cube  It  should  be  noted  that,  in  the  case  of  ASM 
as  well  as  in  the  case  of  k-e  EVM,  k  value  rear  the 
floor  IS  estimated  to  be  smaller  in  comparison  with 


the  experiment  and  LES. 

Figs.3  and  4  illustrate  the  distributions  of  time- 
averaged  velocity  fields.  The  correspondence  between 
LES  and  the  experiment  is  particularly  good.  The  small 
reverse  flow  on  the  roof  and  the  velocity  distribution 
in  the  recirculation  region  behind  the  cube  are 
reproduced  successfully  in  LES  (Figs.3,  4  (2))  In  the 
case  of  k-s  EVM,  there  are  several  significant 
discrepancies  The  reverse  flow  on  the  roof  is  not 
reproduced  and  the  velocity  value  (reverse  flow)'  is 
too  large  in  the  recirculation  region  in  comparison  with 
the  experiment  and  LES  (Figs  3,  4  (2)),  although  the 
similar  boundary  conditions  are  applied  for  both  LES 
and  k-c  EVM 

The  overestimation  of  It  near  the  frontal  corner 
in  the  case  of  k-e  EVM  gives  rise  to  the  large  eddy 
viscosity  v,,  and  thereby  the  large  mixing  effect 
produced  by  this  v,  eliminates  the  reverse  flow  on 
the  roof.  This  discrepancy  is  caused  by  overestimation 
of  the  turbulence  production  P,  which  is  evaluated 
using  Eddy  Viscosity  Model  (EVM)  as  discussed  in 
the  next  section  and  APPENDIX  1 

In  the  case  of  ASM,  the  reverse  flow  on  the 
roof  IS  reproduced  But  the  distribution  of  velocity 
value  behind  the  cube  is  similar  to  that  of  k-e  EVM 
and  the  correspondence  with  the  experiment  is  not 
so  good  (Fig.A  (2))  This  discrepancy  is  sure  to  be 
related  to  the  underestimation  of  k  near  the  floor 
behind  the  cube  in  both  k-e  EVM  and  ASM  as  shown 
in  Fig.2  This  underestimation  of  k  is  mainly  caused 
by  the  fact  that  the  value  of  T  assigned  at  the  solid 
wail,  which  IS  given  by  eqn.(2.2)  in  Table  2,  is  not 
appropriate  for  this  area.  It  was  pointed  out  in  many 
previous  studies  that  eqn  (2.2)  works  well  as  a 
boundary  condition  when  the  local  balance  of  P,  and 


(t)  wind  tunnel  experiment 


(2)  k-e  EVM 


(4)  LES 

Fig  2  Distributions  of  k 
at  center  section 


(l)wind  tunnel  experiment 


(3)  ASM 


Fig.3  Distnbutions  of 
velocity  vectors 


Fig.4  Vertical  profiles  of  <Ui> 
at  center  section 
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£  can  be  assumed  Obviously,  the  rectrculation  zone 
IS  not  an  area  where  this  assumption  applies  In  this 
area. the  value  of  T  is  estimated  too  large  ano  thus 
the  value  of  k  becomes  very  small  as  already  shown 
in  Fig  2  Consequently  the  value  of  v,  becomes  too 
small  and  the  poor  mixing  effect  caused  by  this  sma.l 
value  of  results  in  too  large  velocity  value  of  reverse 
flow  in  this  area  in  k-e  EVM  and  ASM 

4  2  Distribution  of  Pt 

The  distributions  of  are  illustrated  in  Fig.5. 
The  result  of  LES  is  sure  to  be  reasonable  because 
of  the  good  agreement  of  its  k  distribution  with  the 
experiment  The  difference  between  fe-c  EVM  and  LES 
IS  significant  The  value  given  by  k-£  EVM  is  much 
larger  in  the  area  around  the  frontal  corner  than  that 
of  LES  It  was  clari'-d'^  in  our  previous  studies  that 
this  deiect  k-£  EVM  is  mainly  caused  by 
overestimation  of  Pt  concerned  with  the  diagonal 
elements  of  strain  -  rate  tensor  [Murakami, S.  and 
Mochida.A  (1 988).  Murakami, S  .Mochida, A  and  Hayashi, 
Y  (1990)1  (cf  APPENDIX  1)  This  reflects  the 
fundamental  shortcoming!  of  k-e  EVM.  which  is  based 
on  the  isotropic  Eddy  Vi^co£»ty  Model,  for  the  accurate 
reproduction  of  flowfields  around  bluff  —  shaped 
bodies 

ASM  also  estimates  the  larger  value  of  than 
that  of  LES  in  the  area  just  before  the  windward  wall 
where  a  negative  value  of  P«  appears  in  the  result 
of  LES.  However,  the  difference  between  the  values 
from  ASM  and  LES  is  relatively  small  in  comparison 
with  the  large  difference  observed  between  ♦ne  results 
from  k-£  EVM  and  LES 


(2)  ASM 

\6  ^0 


(3)  LES 

Fig  5  Distributions  of  P» 

( 6  denotes  the  areas 
where  values  are  negative) 


(4)  LES 

Fig  6  Distributions  of  <u»'*>/2^ 


(1)  experiment 


(4)  LES 

Fig.7  Distributions  of  <Ui*>l2k 


(4)  LES 

Fig.8  Distributions  of  <Ui*>/2k 


4.3.  Distributions  of  each  component  of  <u!'>l2k 
(with  no  summation  here) 

The  anisotropic  property  of  each  component  of 
normal  stress  <Ui'’>  is  examined  in  Figs  6  -  10.  where 
distributions  of  <Ui''>/2k  are  presented  as  a  measure 
to  judge  the  anisotropy  of  turbulence 

The  results  of  the  wind  tunnel  experiment 
illustrate  that  the  value  of  <u,''>  dominates  in  the 
area  on  the  roof,  in  the  downstream  free  shear  layer 
(Fig  6)  In  the  recirculation  region  behind  the  cube, 
<Ui''>l2k  has  a  larger  value  where  Kerman's  vortex 
street  appears  (Fig  7)  The  value  of  <Uj’*>/2ft  is  the 
smallest  in  general,  except  for  the  region  in  the  vicinity 
of  the  windward  face  where  <u,'‘>  is  the  largest 
component  (Fig.8) 

The  anisotropic  features  given  by  each 
component  of  <u,''>/Zk  in  LES  correspond  very  well 
with  those  from  the  experiment  (Figs.6  -  8).  On  the 
other  hand,  k-e  EVM  cannot  reproduce  such  anisotropic 
properties  at  all  (Figs  6  — 8)  In  the  case  of  ASM,  the 
discrepancies  observed  in  the  results  of  k-e  EVM  are 
improved  remarkably  in  the  distributions  of  each 
component  in  the  recirculation  region  behind  the  cube 
(Figs  6 -9).  In  this  region,  the  values  given  from  ASM 
agree  rather  well  with  those  of  the  e.xpenmant. 
However,  near  the  floor  ASM  undr’'a!timates  tne  value 
of  <Ut'’>l2k  in  comparison  with  the  .esults  of  the  wind 
tunnel  experiment  and  LES  (Fig. 9),  It  should  be 
mentioned  that  this  inaccuracy  of  ASM  is  partly  caused 
by  the  fact  that  it’a  was  not  involved  in  this 
calculation  as  described  in  detail  in  APPENDIX  2 

Furthermore,  the  results  of  ASM  show  serious 
discrepancies  in  the  area  above  the  frontal  corner  in 
comparison  with  both  the  experiment  and  LES.  In  this 
area,  the  results  of  ASM  show  abnormal  maximum  and 
minimum  peaks  in  the  distributions  of  <ui‘>l2k  and 


<u!'>l2k  respectively,  as  is  observed  identically  in  the 
results  of  k-e  EVM  (Figs  6,8,10).  These  peaks  do  not 
appear  in  the  results  of  the  experiment  and  LES.  This 
serious  discrepancy  is  caused  Ijy.an  inaccuracy  in 
the  algebraic  approximation  — for-(C,-D,) 
in  the  case  of  ASM.  It  is  well  known  that  this  algebraic 
expression  Is  most  effective  when  the  values  of 
<u,'u,'>lk  are  almost  constant  across  the  flowfield 
However,,  Figs.6  -  1 0  indicate  that  values  of  <u!u,'>lk 
are  not  constant.  <Ui'u,'>  and  k  vary  in  very  different 
manners  in  the  flowfield  around  the  cube,  particularly 
in  the  area  around  the  frontal  corner  Thus.the  results 
from  ASM  are  unavoidably  inaccurate  because  of  the 
algebraic  approximation  for  -(C,-D,)  in  this  area. 

Lastly,  the  balance  of  production  term  Pu  and 
convection  and  diffusion  terms  -(Cu-Cu)  m  the 
transport  equation  for  <u,''>  is  discussed  in  order  to 
examine  the  large  difference  observed  in  the 
distributions  of  <u(‘>l2k  of  the  results  of  ASM  and 
LES  In  this  area,  the  velocity  gradient  d<Ui>ldi,  has 
a  large  negative  alue,  since  a  large  positive  value  of 
<Ui>  IS  produced  related  to  the  stagnation  at  the 
windward  wall  and  decreases  in  a  vertical  direction 
as  IS  illustrated  in  Fig.3.  This  large  negative  value  of 
d<u,>ldi,  makes  the  value  of  Pu  very  large  in 
comparison  with  those  of  P,,  and  P,,  which  do  not 
include  the  terms  containing  d<Ui>/dz,  Consequently 
the  anisotropic  property  of  turbulence  is  strongly 
influenced  by  the  value  of  Pu  m  this  area  Fig.  11 
shows  a  comparison  between  the  value  of  Pu  and 
two  types  of  -(Cu-Cu).  One  of  -(Cu-Du)  is  estimated 
from  the  originel  exact  expression  and  another  is  given 
by  the  algebraic  expression  introduced  in  ASM,  both 
using  the  numerical  data  given  from  LES.  It  is  found 
that  -(Cu-Du)  estimated  from  the  original  exact 


(1)  experiment  (2)  k-e  EVM  (3)  ASM  (4)  LES 

Fig.9  Vertical  profiles  of  each  component  of  <u!u!>l2k  in  the  recirculation  behind  the  cube 

(with  no  summation  here) 


(l)  experiment 

Fig  10  Longitudinal  profiles 


of  <•«/«,'>/ 2A  above  the  roof 
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O  :  original  exact  expression  for  -(Cu-Du)  :• 
,d<u,><u;‘>  di-<ui'u ,'> -2<p’u,’>5 J , 
dx.  ■  ax.  ' 

X  algebraic  apploximation  for  -(Cu-D..) 

- 1  0  +1 
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Fig  1 1  Distributions  of  -(C«-Du)  and  Pa 
above  the  roof  estimated  by  using 
the  numerical  data  given  from  LES 


expression  has  a  large  negative  value  in  the  area  where 
the  distribution  of  Pa  indicates  a  maximum  peak, 
thereby,  the  increase  oi  caused  by  the  positive 

value  of  Pa  IS  restrained  bv  the  effect  of  -(Ca-Du). 
This  means  that  <Ui’‘>  increased  by  Pa  is  convected 
and  diffused  to  the  upper  and  downstream  sides  of 
the  flowfield,  so  that  the  distribution  of  <u,''>l2k  does 
not  have  a  sharp  peak  in  the  area  in  front  of  the 
windward  ccrner  in  the  cases  of  the  experiment  and 
LES  (Figs.8,11)  (1),(4)).  As  is  clearly  shown  in  Fig.ll, 
the  approximation  adopted  in  ASM  cannot  reproduce 
this  strong  etiect  of  convection  and  diffusion  which 
should  decrease  <u.''>  in  the  area  in  front  of  the 
corner.  This  inaccurate  estimation  of  -Ku~DJ  causes 
too  large  value  Cf  <Ui’’>  in  the  case  of  ASM,  This 
cannot  be  improved  so  long  as  we  remain  at  a  stage 
where  the  algebraic  expression  for  -{C,-D,)  is  adopted 
The  results  of  Differential  Stress  Model  (DSM)  will 
be  presented  by  the  same  authors  in  the  near  future 


5.  CONCLUSION 

1)  The  flowfields  around  a  surface  -  mounted  cube 
as  predicted  by  LES,  ASM  and  k-e  EVM  are  coirpared 
precisely  with  the  experimental  data. 

21  The  results  of  LES  agree  very  well  with  the 
experimental  data  in  terms  of  the  distributions  of  mean 
velocity,  k  and  <Ui'‘>IZk. 

3)  The  results  of  k-t  EVM  include  several  serious 
discrepancies  from  the  experimental  data.  These 
shortcomings  of  k-i  EVM  are  attributable  to  the 
isotropic  Eddy  Viscosity  Model 

4)  Significant  inaccuracies  in  the  results  of  k-e  EVM 
are  improved  remarkably  in  ASM.  However,  there  still 
exist  some  discrepancies  in  the  results  of  ASM  in  the 
reproduction  of  ‘he  anisotropic  properties  of  turbulence 
around  xhe  frontal  corner.  This  inaccuracy  mainly 
derives  from  thi  algebraic  expression  for  -(C,-D,) 
employed  by  ASM.  A  study  of  prediction  by  DSM  will 
be  undertaken  by  the  authors. 


APPENDIX  1 

The  value  of  F.  at  the  center  section  is  estimated 
Considering  the  symmetrical  property  and  neglecting  the  small 
terms,  is  given  as  follows  i 

,  d<Ui>  ,  d<U7> 


d<Ui>  d<u^> 

— <''3“i'^i?r 


0.5 

-<U|U3> 

1 0 

wheie  P\ 
elements  of 

can  be  rewritten  by  using  the  continuity  equation  as  follows : 
,  ,  3<Ui> 

Pm''  -(<“1  ’-'“3  ■  (A.Z) 

In  the  CAse  of  k-e,  eqn.(A.2)  is  transformed  into  eqn.(A.3) 
by  eddy  viscosity  modelling. 

5<Uj>, 

Pm" 

In  general,  the  magnitude  of  does  not  become  so  large 
in  the  cases  of  LES  and  ASM.  since  P^^  is  calculated  using 
the  exact  term  of  eqn.(A2)  which  is  expressed  as  the 
subtraction  of  <Uj  >  and  <U3’^>.  On  the  other  hand,  the 
turbulence  production  due  to  <U)  >  and  <U3  >  is  simply 
added  in  the  case  of  k-e  EVM  as  expressed  by  eon  (A.3),  and 
hence  the  value  of  becomes  very  large.  This  is  the  fallacy 
given  by  ^M.  This  overestimation  of  k  caused  by  the 
diagonal  elements  of  strain  rate  tensor  is  the  fundamental 
shortcoming  of  eddy  viscosity  modelling  when  it  is  applied  to 
a  flowfield  involving  stagnation  where  usually  large  values  of 
d<u^/dZf  exist 

The  overestimation  of  P^^  also  occurs  in  the  case  of  k-e 
EVM  The  mechanism  of  overestimation  can  be  shown  easily 
by  the  same  manner  as  P^^  . 

APPENDIX  2 

involved  m  this  calculetion.  This  is  because 
the  model  of  proposed  by  Gibson, M  M.  and  Launder.B  c. 
(1978)  which  IS  most  common  at  present  reveals  itself  to 
have  some  shortcomings  in  the  ai^alysis  of  flowfield  with 
impinging  where  a  mam  flow  <Ui>  attacks  the  windward  wall 
x?-X3  perpendicularly.  ^  represented  in  the 

following  manner 

^&)“^33(2)""CzC2'(P|i-2/3P*)/ , 

Here.  . 

®  which  should  decrease  <u{^>  according  to 
Its  original  meaning.  Thus,  in  this  case.  (P)|''2/3P|^)  must  be 
negative.  However,  on  the  center  line  of  the  impinging  flow. 
P|i  IS  large.  Therefore  it  does  not  take  a  negative  value 
Hence,  in  this  model,  works  to  increase  <Uj'^>,  contrary 
to  its  onginet  meaning.  As  a  matter  of  fact,  when  is 
involved  in  the  calculation,  the  nornal  stress  perpendicular  to 
the  wall  becomes  excessively  large  near  the  wail  and  the 
solution  diverged  in  this  study. 

REFERENCES 

peardorffJ.W.  (1 970)^ J  Fluid  Mech.,Vo)41.pp453  -  480. 

^rst.P.  and  RBstw.A.K.(1979).l8t  Symposium  on  Turbulent 
“hear  Row.pp;^  -  219. 

Gibson.M.M.  and  Launder.B.E(1978).J.FIuid  Mech..Vol.86. 

W.49i  -511. 

Launder.B  E.  and  S^eidino.J  L.(1972).Mathematical  Models  of 
Turbulence7  Acadernic  Kess,New  York 

Launder.B.E  and  Spaldino.J.L  (1974) .Computer  Methods  in 
Applied  Mechanics  and  Engineering,Vol.3.pp.269  -  289 
^ayg^er.B^I^Re^^G.J.  and  RQdi.W.(19751.J.FIuid  Mechanics, 

Launder . 9 ~E .  (1 983 ) .  University  of  Manchester,,  Institute  of 
science  and  Technology  Report  No.TFD/82/'4 
Morinishi.Y.end  Kol^vashi.T.  (1990) . Engineering  Turbulence 
Modelling  and  Experiments,Elsevjer  lienee  Publishing, 


PP.279-286. 


.S.  and  Koryjo.Y.dg 
xperiments, Elsevier  l 


J.Wind  Eng  IndAerodyn., 

^).EnoineennQ  Turbulence 
Science  Publishing. 


Modellir>g  and  Experiments, Elsevier  Science  Publishing. 

PP.205  -  214. 

'^*'^‘'3hl.Y.(1990)  ..Wind  Eng.Ind 

pbi.S..Peric.M,VScheurir.G.  ( 1990)  .Enuineenno  Turbulence 
Modelling  and  Experiments.kl8evier  lienee  Publishing, 
PD1S5-194. 

Rodi.W.(1976).ZAMM.Vol.5e.T219  -  T221. 

^aflonnskv. J.&  ( 1 96^  .Mon.Waat  her  Rev.,Vol.91.pp99  -  164. 
^mer|H.  |yeni|^^(19^^^7th  Symponum  on  Turbulent 


17-1-6 


EIGIIIH  SYMPOSIUM  ON 
niRBULF.NT  SHEAR  FI  OVVS 

Tecl’ti'cal  University  of  Mumth 
September  9-11,  1991 

NUMERICAL  SIMULATION  OF  PERIODICALLY  FULLY  DEVELOPED 
TURBULENT  FLOW  AND  HEAT  TRANSFER  IN  A  CHANNEL 
WITH  LONGITUDINAL  VORTEX  GENERATORS 


17-2 


J.  X.  Zhu,;  N  K,  Hitra,,  M.  Fiebtg 


Institut  fur  Thermo-  urn)  Fluiddynamik 
Ruhr-Universitat  Bochum 
W-4630  Bochum  1,^  Germany 


ABSTRACT 

A  numerical  study  has  been  performed  to  Inves¬ 
tigate  the  hydrodynamtcal  and  thermal  characteris-- 
tics  in  the  periodically  fully  developed  region  of 
turbulent  channel  flows  with  built-in  longitudinal 
vortex  generators.  The  level  of  turbulent  kinetic 
energy  in  the  flow  is  considerably  elevated  by  the 
vortex  generators.  This  contributes  to  augmenta¬ 
tion  of  flow  loss  and  heat  transfer,  for  a  ratio 
of  10.4  of  the  channel  wall  area  to  the  vortex 
generator  area,  a  mean  heat  transfer  enhancement 
of  341X  accompanied  by  32  times  of  flow  loss  in¬ 
crease  over  the  flow  without  vortex  generators  has 
been  obtained. 

INTRODUCTION 

Turbulent  flows  with  heat  transfer  in  channels 
and  ducts  are  of  immense  technological  importance,- 
as  they  occur  frequently  in  many  heating  and 
cooling  devices.  In  order  to  enhance  heat  transfer 
at  the  channel  walls,-  longitudinal  vortices  can  be 
introduced  in  the  flows;-  eg.  Edwards  et  al. 
(1974),  Fiebig  et  al.  (1986).  Longitudinal  vorti¬ 
ces  promote  mixing  of  the  fluid  between  the  wall 
and  the  core  regions  of  the  channel,  disturb  the 
growth  of  the  boundary  layers  on  the  channel  walls 
and  thus  ensure  high  rate  of  heat  transfer  at  the 
walls.  Longitudinal  vortices  in  a  channel  can  be 
generated  either  by  mounting  or  by  punching  out  of 
the  channel  wall  wing  type  vortex  generators  such 
as  delta  wing,  delta  winglet  pair,-  rectangular 
wing  or  rectangular  winglet  pair  (Fiebig  et  al. 
1991).  These  are  triangular  or  rectangular  pieces 
which  remaining  attached  al  the  base  to  the  chan- 


Fig.  1  Schematic  of  a  parallel  mall  channel  with 
a  series  of  vortex  generators  mounted  on  one 
channel  null 


nel  wall  project  into  the  flow  with  an  angle  ot 
attack,  riebig  et  al .  (1986)  have  Investigated  the 
heat  transfer  enhancement  and  drag  increase  produ¬ 
ced  by  a  single  wing  or  a  pair  of  winglets  for 
laminar  f’-ws  in  a  rectangular  channel.  Effects  of 
a  single  delta  or  rectangular  wing  or  a  pair  of 
delta  or  rectangular  winglets  on  the  local  and 


global  heat  transfer  enhancement  and  flow  losses 
in  turbulent  channel  flows  have  been  compared  by 
Fiebig  et  al .  (1991).  Results  show  that  when  com¬ 
pared  to  other  forms  of  vortex  generators  the  rec¬ 
tangular  winglet  pair  gives  the  least  increase  in 
flow  loss  for  a  nearly  equal  heat  transfer  enhan¬ 
cement. 

The  works  cited  above  deal  with  a  single  array 
of  vortex  generators  located  in  the  thermally  de¬ 
veloping  region  of  the  channel  where  the  vortex 
generators  modify  thermally  developing  flows.  In 
practical  applications  rows  of  vortex  generators 
have  to  be  used,  see  Fig.  1.  Numerical  Simulation 
of  the  flow  in  the  complete  channel  with  rows  of 
vortex  generators  will  be  tremendous  task  even  for 
a  super  computer.  However,  after  a  sufficiently 
large  distance  from  the  inlet  the  flow  in  the 
channel  with  rows  of  vortex  generators  will  tend 
to  be  periodically  fully  developed  in  streamwise 
direction  in  modules  or  elements  of  the  channel  as 
shown  by  the  dotted  lines  in  Fig  1. 

The  purpose  of  the  present  work  is  to  predict 
heat  transfer  and  flow  losses  in  periodically  ful¬ 
ly  developed  area  of  turbulent  channel  flow  with 
vortex  generators  (Fig,  1).  As  vortex  generators 
the  rectangular  winglet  pair  is  considered.- 

MATHEMATICAL  FORMULATION 

The  periodical  properties  of  the  flow  field 
enables  the  flow  field  analysis  to  be  confined  to 
a  single  Isolated  module  shown  in  Fig.  2,  which 
can  be  assumed  as  an  element  in  periodically  fully 
developed  region  of  the  arrangement  shown  in  Fig 
1  and  serves  as  computational  domain  in  the  pre- 
se't  work. 

The  computational  domain  consists  of  a  parallel 
wall  channel  and  a  pair  of  rectangular  winglets 
mounted  on  the  lower  wall.-  Symmetry  is  assumed  at 
B/2  so  that  the  computation  is  performed  only  in 
the  half  of  the  channel  width.  The  geometrical 
parameters  of  the  computational  domain  and  the 


symmetrical  planes 


Fig.  2  Computational  domain  and  geometrical  pora 
meters 


virtex  generator  in  Fig  2  have  the  following  ba-- 
su  values  relative  to  the  channel  height  Hf 

L  -  3.75  H,.  B  -  4  H,  1-1.2  H,, 

n  -  0  6  H,/  s  -  0  4  H.,  B  -  45°  (1) 


The  flow  In  the  channel  is  described  by  3-0 
Reynolds  averaged  Navier-Stokes  and  energy  equa¬ 
tions  for  incompressible  medium  in  conjunction 
with  ,the  eddy  viscosity  concept ;■ 

Continuity: 


Symmetry 

At  the  symmetric  planes  the  normal  velocity 
component  and  the  normal  derivatives  of  all  other 
variables  are  set  to  zero’ 


W  -  0,1  If  -  {U,V,k,£,T)  {13J 

Waljs 

Wall  functions  given  by  Launder  and  Spalding 
(1974)  are  employed  to  prescribe  the  boundary  con¬ 
ditions  along  the  channel  walls  The  wall  func¬ 
tions  are  applied  in  terms  of  diffusive  wal  flux¬ 
es.  For  the  wall-tangential  moment  these  are  the 
wall  shear  stresses: 


*  af:  ^  V 

-  T  A  k  i,j] 


(4) 

Where  the  turbulent  viscosity  pt  and  the  turbulent 
uynamic  thermal  diffusivity  T,  arc  given  by:- 

p<  -  c^  p  k7£  i,  r,  -  (5) 

The  turbulence  kinetic  energy  k  and  its  dissi-- 
pation  rate  <  are  computed  from  the  standard  k-c 
model  of  Launder  and  Spalding  (1974):- 


gk  .  ^  (iij.  SL 
nt  flx  M.  Av 


G  denotes  the  production  rate  of  k  which  is  given 
by;. 

r  ..  /SiL.  ^  Sill  SL.  /oi 

^  •  ''i  (aj;- "  aTl-)  aJf 

The  standard  constants  are  employed:; 

-  0.09,;  Cl  -  1.44,.  Cj  •  1.92., 

Ok  -  1  0,  -  1.3,.  Pr,-  0.9 


BOUNDARY  CONDITIONS 
Entrance  and  Fxit 

A  special  method  for  calculating  periodically 
fully  developed  flows  proposed  by  Patankar  et  al. 
(1977)  is  applied  with  some  modifications  to  des¬ 
cribe  the  inlet  and  outlet  boundaries  of  the  com¬ 
putational  domain. 

Vi(x,y,z)  -  4i(x+L,y,z),;  »  -  {U,V,W,P,k.e,e)  (9) 

Where  P  and  o  are  a  periodical  component  of  the 
static  pressure  p  and  a  dimensionless  temperature 
respectively.  They  are  defined  as  follows: 

p(x,y,z)  -  -d  X  -f  P(x,y,z)  (10) 

g  .  P.(.x.j|Z)  -  p(xtL,Y,z)  . 


pUpC 

with  the  non-di^nensional  wall  distance  y*  defined 
as:> 

pypc '"kp*'' 

y* - tL -  (15) 

and  K  =:  0.42,.  E  •  9.0. 

The  subscript  p  refers  to  the  grid  point  adja¬ 
cent  to  the  Wall.  The  production  rate  of  k  and  the 
averaged  dissipation  rates  over  the  near-wall  cell 
for  the  k-equation  as  well  as  the  value  of  e  at 
the  point  p  are  computed  respectively  from: 

Gp  ■  T.  ^  (16) 


yp 

£.  J-J  zdy 


’  yp 

C  3/<kpS'7 


4.  G  . 

■  A  < 

(6) 

■  C£  p-f 

(7) 

For  the  temperature  boundary 

(18) 

condition,  the 

heat  flux  to  the  wall  is  derived  from  the  thermal 
wall  function  of  Launder  and  Spalding  (1974): 

(T,-Tp)  pcpC  k,'/^ 

q. - n - 

Prt[iln(Ey)+P] 

where  the  empirical  P  function  is  specified  as: 


,-jZi _  (* 

s1n(x/4)  'x 


A  I/?  Pr  Pr  W4 


0{x.y,2)  - 


_T(x,y.z)  -  T. 
Tp(x)  -  T, 


The  lower  wall  is  adiabatic  and  the  upper  wall 
has  a  constant  temperature  in  the  present  work 

NUMERICAL  PROCEDURE 

A  finite  difference  procedure,  based  on  the 
SOLA  algorithm  (Hirt  et  al.,  1975),-  was  modified 
by  the  authors'  gr.up  for  the  investigation  of  the 
velocity  and  temperature  fields  in  3-D  laminar 
channel  flows  with  longitudinal  vortex  generators. 
In  the  present  work,  this  procedure  has  been  ex-- 
tended  to  solve  turbulent  problems.  In  order  to 
validate  the  modified  computer  program,  the  code 
has  been  used  to  simulate  a  well  documented  3-D 
turbulent  flow  experiment  of  Pauley  and  Eaton 
(1988).  The  numerical  results  compare  well  with 
experiments  (Zhu  et  al.,  1990)., 

RESULTS  AND  DISCUSSION 

Flows  appeared  In  the  configuration  of  Fig.  2 
with  a  Reynolds  number  Reuh-  3  10*  and  a  Prandtl 
number  Pr  -  0.7  have  been  numerically  simulated. 
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The  number  of  grids  typically  used  is  37  x  15 
X  20.  The  computational  time  on  a  SUN  4/260  work¬ 
station  was  38  CPU  hours.  A  gnd  independence  stu¬ 
dy  of  the  computation  has  not  been  performed,  but 
some  idea  of  the  grid  independence  of  these  re¬ 
sults  is  given  by  fiebig  et  al  (1991).  A  hydrody- 
namically  and  thermally  fully  developed  flow  with 
same  Reynolds  number,  same  Prandtl  number  and  same 
thermal  boundary  conditions  in  a  channel  without 
vortex  generator  was  also  computed  for  the  sake  of 
comparison.  Henceforth  this  flow  is  referred  to  as 
the  base  flow. 


Fig.  3  Secondary  ueloctty  oectors  tn  pertodlcoUy 
deueloped  region  of  a  turbulent  channel  flow  with 
butlt-ln  rectangular  Kinglet  polr;,  L  -  3.7S  H,  6  * 
US',  Reoh  =  3  10® 


Fig.  3  shows  secondary  velocity  vectors  of  the 
flow  at  some  axial  cross  sections  of  the  channel. 
The  identical  secondary  velocity  distribution  at 
inlet  and  outlet  of  the  domain  Illustrates  the 
periodically  developed  character  of  the  flow.  The 
generation  and  transport  of  longitudinal  vortices 
are  quite  discernible  in  Fig.  3.  In  contrast  to 
the  thermally  developing  region,'  where  the  vortex 
generator  faces  an  undisturbed  2-0  flow  (Fiebig  et 
al.,.  1991),'  the  vortex  generator  in  periodically 
fully  developed  region  interact  with  a  three  di¬ 
mensional,  longitudinal  vortices  contained  flow. 
The  disturbance  of  the  flow  by  the  vortex  genera¬ 
tor  in  this  region  is  much  stronger  than  in  the 
entrance  region,  the  total  cross  section  is  filled 
by  the  vortices. 

Fig.  4  shows  the  contours  of  turbulent  kinetic 
energy  at  the  axial  cross  sections.  The  influnce 
of  longitudinal  vortices  on  the  distribution  of 
turbulent  kinetic  energy  in  the  flow  is  obvious. 
The  isolines  reveal  the  vortex  structure.  In  the 
vortex  core  the  maximal  k-value  (isoline  10)  is 
500  times  higher  as  that  at  the  correspondent  po¬ 
sition  in  the  base  flow..  The  elevation  in  the  tur-- 


fig.  4  Contours  of  turbulent  htnettc  energy  h/Uj® 
at  axial  cross  sections  in  periodically  developed 
region  of  a  turbulent  channel  floiu  with  bullt-tn 
rectangular  lalnglet  pair,,  L  =  3.75  H,  $  =  US',, 
Re|)„  «  3  10® 

bulent  kinetic  energy  level  is  much  larger  tha  in 
the  entrance  region,  where  the  elevation  is  about 
100  times  im  comparison  with  base  flow  (Fiebig  et 
al.,  1991).  This  means,  owing  to  the  repeated  in¬ 
teraction  of  the  main  flow  with  the  vortex  genera¬ 
tors  in  streamwise  direction,  much  more  kinetic 
energy  is  converted  from  main  flow  to  turbulence 
movement  in  periodically  developed  region  than  in 
entrance  region. 
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Fig.  5  Isoltnes  of  hA,  on  a  x-z  plane  neor  the 
upper  Kail  ^y*  x  UOO/,,  Lx3.75  H,  6=45',  Re[)h=3  10 
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Fig.  6  k/Ko-dlslrlbutloa  on  a  x-z  plane  near  the 
upper  trail  (y*  =  <(00j ,,  U3.75  H,  /S-ltS’’,  Reiih=3  10^ 


Fig.  5  shows  isolifies  of  k/k„  on  a  x-z  plane 
near  the  upper  wall  of  the  channel,-  which  is 
0.038  H  away  from  the  upper  wall  and  located  in 
full  turbulent  region  of  the  boundary  layer 
(y*  =  400).  Fig.  6  shows  the  k/kj-distribution  on 
this  plane.  Here  k,  is  the  corresponding  turbulent 
kinetic  energy  in  base  flow.  One  notices  that  the 
vortex  generator  increases  k  in  the  near  wall  area 
by  a  factor  of  6  over  k^  at  maximum.  Since  large  k 
means  large  thermal  diffusivity,  influence  on  heat 
transfer  due  to  large  k  should  be  prominent.  That 
such  IS  the  fact  is  apparent  from  the  isoline  plot 
of  the  ratio  of  the  Nusselt  numbers  on  the  upper 
wall  Nu/Nu,  in  Fig.  7  The  structural  similarity 
of  the  k/k<,-plots  (Fig.  5)  and  Nu/NU(,-plots  (Fig 
7)  IS  remarkable. 
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Fig.  7  Isolifies  of  Nusselt  number  ratio  Nu/Nuq  on 
upper  irall  (T„=  const. J;  at  lower  trail  q„=  0, 
L  =  3.75  H,  f  -  US°,  Reon=  3  lOS  Pr  =  0.7 


Fig.  8  shows  Nu/NUj-distribution  on  the  upper 
wall.  Here  again  one  notices  the  structural  simi¬ 
larity  with  Fig.  6  for  k/kj-distribution.  Areas  of 
large  enhancement  in  Nu  correspond  to  the  areas  of 
large  k.  In  the  above  plots,  Nu,  stands  for  the 
Nusselt  number  in  the  channel  without  vortex  gene¬ 
rator.  The  maximum  of  Nu/Nu,  takes  a  value  of  4.1 
and  the  minimum  a  value  of  2.5.  The  mean  value  of 
Nu/Nu,  over  the  total  upper  wall  area,  which  is 
10.4  times  of  the  face  area  of  the  vortex  genera¬ 
tors,-  is  3.41. 


Fig.  8  Nu/Nu„-dtslrlbullon  on  the  upper  irall,' 
L  -  3.75  H,  ^  -  US",  Reoh  3  10^  Pr  =  0.7 

For  the  estimate  of  flow  losses  in  the  present 
problem  the  kinetic  energy  equation  in  Gersten 
(1983)  is  simplified  as  follows'. 

*12  --!"<“>•  (21) 

where 

♦il"-^  (22) 

IS  the  specific  dissipation.-  The  variables  a  and 
Po  in  Eqs.  (21-22)  are  kinetic  energy  correction 
factor  and  disspation  respectively,  which  are  des¬ 
cribed  in  detail  by  Gersten  (1983).  The  dissipa¬ 
tion  Pj  indicates  the  loss  of  mechanical  energy 
due  to  friction  and  turbulent  mixing.  For  the  con¬ 
venience  of  analysis,;  a  dimensionless  number  C^, 

called  dissipation  number,  is  derived  from  Eq. 
(21)  (Fiebig  et  al.,;  1991):' 

(23) 

For  the  present  problem  the  index  1  means  in¬ 
let,  index  2  means  outlet  of  the  computational 
domain  and  Ax  indicates  the  periodical  length  L 
Because  of  the  identical  velocity  profile  at  inlet 
and  outlet  of  the  domain  (O)  -  oij),  it  holds  in 
the  periodically  developed  region  -  f,,. 

Based  on  Eqs. (22-23)  the  dissipation  Pp  (a  mea-- 
sure  for  flow  loss)  can  be  expressed  by;- 

Po  -  Uo'  -r  P  Up  B  H  .  L  B  Re’  (24) 

For  the  same  medium,  Reynolds  number  and  geometri¬ 
cal  parameters  the  flow  loss  is  pi’oportional  to 
the  dissipation  number  C^.  In  present  case  the 

increase  of  flow  loss  over  the  base  flow  is 

32.  The  computed  Nu,  and  C^,  for  the  base  How  are 

compared  in  Tabel  1  with  available  data  from  re¬ 
ference  . 

Tabel  1  Comparison  between  numerical  and  empirical 
results  for  Nu,  and  C^„  In  a  fully  deueloped  tur¬ 
bulent  cboJinel  flow;  Rer  3  JO’,  Pr  ^  0.7,  at  one 
Ball  Tw*  const,,  at  the  other  irall  0 


C„  10’ 

Nu, 

empirical 

3.71  • 

367  " 

numerical 

3.63 

353 

deviation 

2  X 

3.8  X 

*  -  after  Eq.  (26):,  »*  -  after  Eq.  (27) 
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Heat  transfer  in  a  channel  can  also  be  enhanced 
by  just  Increasing  the  flow  velocity  {raising  Rey¬ 
nolds  number).  To  Judge  the  goodness  of  the  vortex 
generator  for  heat  transfer  enhancement,  the  flow 
loss  caused  by  rise  of  Reynolds  number  is  estima¬ 
ted  according  to  some  empirical  relation  and  used 
as  a  criterion  in  the  following.  Normally  the  so 
called  Fanning  friction-factor  C,  {-  2f,/pUo*)  is 
used  to  describe  the  flow  losses  in  fully  develo¬ 
ped  channel  flows.  It  holds  in  such  flows-- 

Cl  -  -  C^  (25) 

Based  on  experimental  data,,  a  Fanning  friction- 
factor  formula;- 

C,  -  0.0868  hV*  for  1  2  10‘<Rc<1.2  lO^  (26) 

and  a  Nusselt  number  correlation  for  0.01  <  Pr  <  1 
and  10  <  Pe  <  10^  for  a  parallel -plate  channel 
with  uniform  temperature  at  one  wall  and  the  other 
wall  insulated;- 

Nu,  -  5.8  +  0.02  Re”  “  Pr”  ”  (27) 

are  presented  in  Bhatti  and  Shah  (1987).  With  Eg 
(26)  in  Eg.  (24)  a  relation  between  the  dissipa¬ 
tion  Po  and  Reynolds  number  for  fully  developed 
channel  flow  within  the  range  of  Reynolds  number 
shown  in  Eg.  (26)  can  be  given  by;- 

Po  ~  Re2  '5  (28) 

If  the  heat  transfer  enhancement  of  factor  3.41 
(in  the  above  case)  is  achieved  by  increasing  the 
flow  velocity  instead  of  using  vortex  generators,, 
the  Reynolds  number  should  be  raised  by  a  factor 
of  4  65  after  Eg.  (2/).  This  rise  of  Reynolds  num¬ 
ber  will  result  68  times  'ncrease  in  the  flow  loss 
according  to  Eg.  (28),-  which  is  much  larger  than 
the  flow  loss  caused  by  the  vortex  generator 
(C^C^o"  52).  The  flow  losses  caused  by  raising 

Reynolds  number  accompanied  by  the  same  heat 
transfer  enhancement  achieved  by  using  vortex  ge-- 
nerator  will  be  designated  in  the  following  with 

(  ^o/Pdo  )  c  r  1 1  •' 


Fig.  9  Influnce  of  8  on  heat  transfer  enhancement 
and  flow  loss  increase  in  periodically  developed 
region.  L  =  3.75  H,  Rejs  =;  3  10^,  Pr  ^  0.7 


In  order  to  investigate  the  influnce  of  fi  and  L 
on  heat  transfer  and  flow  loss,  they  are  indepen¬ 
dently  varied  in  this  study.  Four  values  of  8 
(-  15°,-  25°,  35°,-  45°)  and  three  values  of  L 
(-  2.5  H,  3.75  H,  5  H)  are  tested.  A  smaller  L 
means  a  denser  arrangement  of  vortex  generators  at 
the  channel  wall.  Fig.  9  shows  the  influnce  of  8 
on  heat  transfer  enhancement  and  flow  loss  increa¬ 
se.  The  ootted  line  indicates  those  flow  losses, 
which  must  be  put  up  with,  if  one  tries  to  obtain 
the  same  Nu./NUj  achieved  by  vortex  generator 


Fig.  10  Dependence  of  Num/Nuo  and  on  the 

periodical  length  L,  P  =  45°,.  ReQh=3  10^,  Pr~  0.7 


through  flow  acceleration.  Although  's  ra¬ 

ther  high  at  8  “  45°,,  the  difference  between 
(Po/PDo)crit  is  also  larger  than  at 

smaller  fi.  That  means,  the  higher  the  demand  for 
heat  transfer  enhancement,-  the  more  favourable  is 
the  use  of  vo.'tex  generator.  The  same  conclusion 
can  be  made  from  Fig.  10,  where  the  dependence  of 
N!i„/NUo  and  C^C^o  on  the  periodical  length  L  is 

uisplayed.  Both  Nu,/NUo  and  increase  with 

the  decrease  of  L.  The  largest  difference  between 
oo'i  (Po/Poo)crit  corresponds  to  the  highest 
heat  transfer  enhancement. 

CONCIUOING  REMARKS 

Vortex  generator  in  periodically  developed  re-- 
gion  interacts  with  incoming  flows  containing  Ion-; 
gitudinal  vortices.  In  this  region,  owing  to  re¬ 
peated  interaction  of  main  flow  with  vortex  gene-- 
rators  in  streamwise  direction,  the  disturbance  of 
the  flow  is  much  stronger,  the  elevation  in  turbu¬ 
lent  kinetic  energy  level  is  much  hiher  than  in 
thermally  developing  region.  One  consequence  of 
these  is  the  large  increase  of  flow  loss.  To  exa¬ 
mine  the  efficiency  of  vortex  generator  for  heat 
transfer  enhancement  with  regard  to  flow  loss,- 
another  method  for  heat  transfer  enhancement,-  flow 
acceleration,  has  been  compared  with  it  For  a 
same  heat  transfer  enhancement  in  an  investigated 
case  {Nu„/Nu„-  3.41),  the  flow  loss  Increase  cau-. 
sed  by  raising  Reynolds  number  is  more  than  double 
of  that  caused  by  the  vortex  generator.  Results 
show  further,  the  higher  the  demand  for  heat 
transfer  enhancement,  the  more  favourable  is  the 
use  of  vortex  generator  opposed  to  flow  accelera*. 
tion.- 
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ABSTRACT 

Turbulent  Flows  in  the  entrance  of  a  parallel 
wall  channel  with  mounted  longitudinal  vortex  ge¬ 
nerator  In  form  of  delta  wing,-  rectangular  wing, 
delta  winglet  pair  and  rectangular  winglet  pair 
are  simulated  by  the  numerical  solution  of  the 
Reynolds  averaged  Navler-Stokes,  energy  and  stan¬ 
dard  k-(  model  equations.  Results  show  that  the 
heat  transfer  augmentation  of  16%  to  19%  occurs  In 
an  area  of  channel  wall  which  Is  30  times  larger 
than  the  vortex  generator  area.  The  ratio  of  heat 
transfer  enhancement  and  flow  loss  Increase  indi¬ 
cates  better  performance  for  the  rectangular  wing¬ 
let  pair., 

INTRODUCTION 

In  gas-liquid  and  gas-gas  heat  exchangers  the 
thermal  resistance  on  the  gas  side  Is  dominant  and 
extended  surfaces  In  the  form  of  fin  plates  are 
frequently  used  to  reduce  It,-  Fig.  1.  Compared  to 
the  thermal  resistance  on  the  liquid  side  the  gas 
side  thermal  resistance  even  with  fins  Is  still 
higher.  To  reduce  It  further  longitudinal  vortex 
generators  can  be  placed  at  the  fins  e.g.  flebig 
et  al.  (1986),  and  Sanchez  et  a1  (1990).  The  vor¬ 
tex  generators,  mostly  slender  wings  or  winglets 
at  high  angle  of  attack  (see  ^1g.  Z),  generate 
strong  longitudinal  vortices  hich  rotate  the 
flow,  substitute  fluid  from  th'  wall  region  by 
fluid  of  higher  momentum  from  the  core  (Fig.  3) 
and  thus  Increase  heat  transfer  and  flow  losses. 
Longitudinal  vortices  have  a  strong  Influence  on 
momentum  and  heat  transfer  far  downstream  of  their 
origin  even  In  turbulent  flow  e.g.  Pauly  and  Eaton 
(1988).  The  ordered  vortex  motion  should  result  in 
higher  heat  transfer  at  lower  flow  loss  increase 
than  a  purely  higher  turbulence  level.- 


Fig.  1  Schematic  of  a  compact  gas-ltgutd  heat 
exchanger  lolth  extended  surfaces  (finned  tube) 


The  purpose  of  the  present  work  is  to  Investi¬ 
gate  numerically  effects  of  different  forms  of 
vortex  generators  such  as  delta  wing,  delta  wing¬ 
let  pair,  rectangular  wing  and  winglet  pair  (Fig 
2)  on  the  heat  transfer  and  flow  losses  In  turbu¬ 
lent  channel  flows. 


Fig.  2  Some  tgpes  of  Icigttudlnal  uortex  genera¬ 
tors.  a)  Rectangular  Winglet  Pair  (RWP).  B)  Delta 
Winglet  Pair  (DWP),  C)  Rectangular  Wing  (RVj ;  Dj 
Delta  Wing  (DfJ 


longitudinal  vortices 


Fig.  3  Schematic  of  floiv  seperatlon  at  the  edges 
of  the  uortex  generators  and  formation  of  longitu¬ 
dinal  uortlces  In  a  channel  flow 


COMPUTATIONAL  DOMAIN 

Fig.  4  shows  the  computational  domain  consis¬ 
ting  of  a  parallel  wall  channel  and  a  pair  of  del¬ 
ta  winglets  (DRP)  which  can  be  replaced  by  other 
forms  such  as  rectangular  winglet  pair  (RNP),  del¬ 
ta  wing  (DM)  and  rectangular  wing  (RM),-  see  Fig. 
2.  Table  1  gives  the  geometrical  parameters  of  the 
vortex  generators  with  respect  to  the  channel 
height  H.  The  surface  areas  of  the  vortex  genera-, 
tors  and  their  angle  of  attack  (8  ■  25°)  are  kept 
equal  for  all  cases. 


17-3-1 


label  1  Geometrical  parameters  of  the  vortex 
generators  (Figs  2  cuid  u) 


DHP 

RHP 

DH 

RH 

1 

2  H 

2  H 

2  H 

2  H 

b 

2  H 

1  H 

h 

1  H 

0.5  H 

s 

0.5  H 

0  5  H 

The  geomet'ical  parameters  of  the  computational 
domain  (Fig. 4)  have  the  following  values  relative 
to  the  channel  height  Hi- 

L  -  10  H.  B  -  6  H,  a  -  0.5  H 

The  flows  are  assumed  to  be  symmetric  about  the 
centre  plan  (II),  so  that  the  computations  are 
performed  only  in  the  region  between  the  planes  I 
and  11  in  z-direction. 


Fig.  4  Computational  domain  A  porallei.  null 
cboonel  mlth  a  delta  ulnglet  pair  mounted  on  the 
channel  bottom  loall.  In  a  fin-plate  heat  exchanger 
the  element  mag  be  repeated  In  spanmlse  and  oertl- 
cal  directions 


BASIC  EQUATIONS  AND  NUMERICAL  PROCEDURE 

The  flow  in  the  channel  is  described  by  3-D 
Reynolds  averaged  Navier-Stokes  and  energy  equa-- 
tions  for  incompressible  medium  in  conjunction 
with  the  eddy  viscosity  concept.  Details  about  the 
governing  equations  and  numerical  procedure  are 
given  in  Zhu  et  al.,  (1991). 


BOUNDARY  CONDITIONS 

At  the  channel  entrance  the  flow  has  a  uniform 
temperature  T„,.  the  velocity,  k  and  €  profiles  are 
obtained  from  a  calculation  of  Z-D  fully  developed 
turbulent  channel  flow.  Symmetry  conditions  are 
used  on  the  side  planes  I  and  II.  At  the  exit  the 
streamwise  gradients  of  all  variables  are  set  to 
zero. 

Nall  functions  given  by  Li'cijer  and  Scalding 
(1974)  are  employed  to  prescric'  the  boundary  con¬ 
ditions  along  the  channel  walls..  Details  have  be-" 
presented  in  Zhu  et  al.  (1991).  The  wall  te..ir  >-; 
ture  T,  is  constant  in  tho  present  work,-  T,  -  2To. 

RFSIJtTS  AND  DISCUSSION 

Computations  have  been  performed  on  a  SUN  4/260 
workstation.  91  x  15  x  48  grids  and  60  CPU  hours 
have  been  used  e.g  for  the  configuration  in  Fig. 


4.  A  grid-independence  study  has  not  been  perfor¬ 
med  in  this  work,-  but  a  grid-independence  study 
for  laminar  flow  computations  in  a  rectangular 
channel  with  a  tube  with  a  basically  same  program 
shows  that  the  average  Nusselt  number  on  the  chan¬ 
nel  wall  computed  with  present  grids  deviates  by 
at  most  lOX  from  the  grid-independent  value,  e  g 
Sanchez  et  al  U99D)-  The  Reynolds  number  Re„  ba¬ 
sed  on  the  channel  height  for  all  calculations  is 
taken  to  be  50000  and  the  Prandtl  number  Pr  is 
0.7.  For  the  sake  of  comparison,  a  hydrodynami tal¬ 
ly  develped  thermally  developing  turbulent  channel 
flow  (without  vortex  generator)  is  calculated  with 
the  same  flow  and  boundary  conditions  as  described 
above.  Henceforth  this  flow  is  referred  to  as  the 
base  flow 

Fig.  5  shows  typical  computational  results  of 
cross  stream  velocity  vectors  at  x/H  >13,  23, 
4.3  and  9.3  in  the  channel  with  a  pair  of  delta 
winglets.  The  generation  and  transport  of  the  lon¬ 
gitudinal  vortices,  eventual  flattening  of  the 
cortex  cores  and  their  lateral  movement  towards 
the  side  boundaries  are  evident  in  this  figure. 


-Z  -1  1  2 


Fig.  5  Cross  sectional  ueloctty  uectors  at  axtol 
locotlons  x/H  =  1.3,  2.3,  4.3  and  9.3,  shotting  the 
formation  and  deuelopmcnt  of  longitudinal  vortices 
In  a  channel  tttth  a  delta  ttlnglet  pair 


Fig.  6  shows  the  temperature  field  for  the  same 
case  as  in  fig.  5.  Isotherms  in  the  base  flow  will 
be  straight  lines  parallel  to  the  top  and  bottom 
wails.  In  the  flow  with  vortices,  however,  iso¬ 
therms  with  large  values  appear  around  the  vortex 
generator  due  to  the  high  heat  transfer  there.  At 
x/H  •  1.3,  the  vortex  cores  are  displayed  by  the 
variation  of  the  isotherms  2  to  10.  The  empty 
white  area  corresponds  to  the  isotherm  1 
(T/T;,  '  1),-  i.e.  the  flow  has  not  yet  been  heated 
up.  In  successive  cross  sections  (x/H  -  2.3,;  4.3 
and  9.3)  the  mixing  of  hot  and  cold  fluids  due  to 
azimuthal  velocities  uf  the  vortices  oecome  evi¬ 
dent  and  higher  isotherrs  (lines  4  and  5)  appear 
in  the  middle  of  the  channel  The  dotted  lines 
(isotherm  2)  near  the  top  and  bottom  walls  at  sec-- 
tions  x/H  -  4.3  and  9.3  show  the  extent  of  heating 
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in  the  base  flow.  The  thermal  boundary  layer  in 
the  channel  1s  strongly  disturbed  by  the  longitu¬ 
dinal  vortices. 


Fig.  6  Structure  of  the  temperoture  field  In  a 
turbulent  channel  flow  with  a  pair  of  delta  wing- 
let  •  Isothems  for  a  temperature  ratio  of 
Tv/To  *  2  at  cross  sections  x/K  =  1.3,  2.3,  li.3 
and  9.3,  Renx  50000,  Pr  =  0.7 


Fig.  1  Eleuatlon  of  turtxilent  hlnetlc  energg  In 
the  channel  with  a  bullt-ln  delta  wlnglet  pair 
(Tig.  h),  ,’leH=  50000 


Fig.  7  shows  the  contour  of  the  turbulent  kine¬ 
tic  energy  ratio  k/k;,  for  the  above  case,  where  k- 
is  the  k-value  in  the  base  flow.  Higher  turbulent 
kinetic  energy  is  produced  around  the  vortex  gene¬ 
rators  by  the  interaction  between  the  main  flow 
and  the  vortex  generators.  In  the  core  region  of 
the  vortices  at  cross  section  x/H  -  2.3  the  turbu¬ 
lence  energy  is  100  times  of  that  in  base  flo'' 
(line  9).  At  x/H  ■  9.3,.  k  diffuses  throughout  the 
cross  section  in  such  a  way  that  except  in  the 
upwash  and  downwash  regions  near  the  top  and  bot¬ 
tom  walls  (Isoline  2)  it  is  everywhere  larger  than 
that  in  the  base  flow.  Large  k  signifies  large 
turbulent  thermal  diffusivity  and  hence  large  heat 
transfer. 

The  flow  and  temperature  fields  with  rectangu¬ 
lar  wing,,  delta  wing  and  rectangular  winglet  pair 
will  not  be  displayed  further  In  the  following  a 
comparison  of  the  global  characters  of  the  flows 
with  different  vortex  generators  are  presented. 

Figure  8  compares  the  average  vorticity  compo¬ 
nent  u,  in  the  channel  with  DWP,  DM,  RM  and  RWP. 
Here  u,  is  defined  by;- 

I 

"<  ■  a;72  I  L  "« ■  §7  ■  ii 


All  configurations  show  peaks  in  w,  distribu¬ 
tion  slightly  before  the  trailing  edge  of  the 
wing.  The  peak  values  for  wings  are  40»  to  50% 
larger  than  for  the  corresponding  winglets  How¬ 
ever  the  decay  in  u,  for  winglets  is  much  slower 
than  for  wings.  At  the  exit  (x/H  •  10),,  u,  for  RWP 

is  70%  larger  than  for  RW.  Since  u,  can  be  used  as 
a  measure  of  the  circulation,  Fig.  8  also  shows 
t.iat  the  circulation  in  the  channel  with  winglets 
has  become  nearly  constant  at  x/H  •  4  whereas  with 
wings  the  circulation  has  not  reached  its  constant 
value  even  at  the  exit. 


Fig.  8  Cross  sectional  aueraged  uorttetty  along 
the  strecoiMPtse  direction  for  the  four  uorlex  ge* 
neratorsp  showing  strength  and  decay  of  longitudi'- 
nal  cortices 

Fig..  9  compares  the  ratios  of  the  spanwise 
averaged  Nusselt  numbers  with  (Nu,)  and  without 
vortices  (NUj,)  in  the  channel  for  different  vor¬ 
tex  generator  configurations.  On  the  lower  wall 
where  the  vortex  generators  are  fixed,  the 
Nd»/Ndo«  distributions  for  the  wings  show  sharp 
change  with  peak  and  minimum  near  the  base  of  the 
wing.  These  are  caused  by  the  flow  acceleration  on 
the  pressure  side  due  to  the  blockage  and  the  flow 
separation  on  the  suction  side  of  the  wing.  Ring¬ 
lets,  whose  span  unlike  those  of  wings  are  not 
normal  to  the  mam  flow,  do  not  generate  sharp 
rise  and  fall  in  Nu,  The  Nu, -enhancement  due  to 
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vortices  appears  downstream  of  the  vortex  genera¬ 
tors.  For  delta  winglet,-  the  flow  does  not  separa¬ 
te  at  the  suction  side  and  further  downstream,  the 
vortices  take  care  of  Nu, -enhancement.  Hence  Is 
the  smooth  Increase  In  Nu,. 

On  the  upper  wall  the  rectangular  wings  cause 
the  highest  enhancement  In  Nu,.  This  is  because 
the  vortices  generated  by  the  rectangular  winglets 
move  closer  to  the  upper  wall 

The  flow  losses  are  evaluated  by  using  the  ki-- 
netic  energy  equation  In  Gersten  (1983),  which  Is 
simplified  for  the  present  problem  as  follows.- 

♦  u  ■  -f  (a.  -  as)  (2) 

where 

IS  the  specific  dissipation.  The  variables  a  and 
Po  in  Eqs.  (2)  and  (3)  are  kinetic  energy  correc¬ 
tion  factor  and  disspation  respectively,  which  are 
described  in  detail  by  Gersten  (1983).  The  dissi¬ 
pation  Pj  Indicates  the  loss  of  mechanical  energy 
due  to  friction  and  turbulent  mixing.  For  the  con¬ 
venience  of  analysis,-  a  dimensionless  number,  cal¬ 
led  dissipation  number  (Brockmeier,;  1987),-  Is  de¬ 
rived  from  Eq.  (2):- 

with  the  apparent  friction  factor  f,j,p  (Shah  and 
London,;  1978) 


In  Eq.  (4)  the  Index  1  means  Inlet,-  index  2  means 
an  arbitary  axial  location  at  the  downstream  and 
Ax  Indicates  the  distance  between  the  locations  1 
and  2 

Fig.  10  shows  relative  increase  of  the  dissipa¬ 
tion  numbers  of  the  four  investigated  cases  to  the 
base  flow  (C^«-C^o)/C^o ■  y  ts  the  C^-value  of 

the  base  flow.  The  peak  values  of  (C  ,-C,  .)/C„„ 

appear  at  the  leading  edge  for  the  rectangular 
wing  and  rectangular  winglet  pair  whereas  for  the 
delta  geometries  the  peaks  appear  near  the  trai¬ 
ling  edge.  From  x/H  •  8  downwards,-  the  curve  for 
all  four  vortex  generator  geometry  merge  together. 

Table  2  comoares  the  global  increase  of  Nusselt 
numbers  and  flow  losses  for  the  four  types  of  vor¬ 
tex  generator  relative  to  the  base  flow.  The  ratio 
of  the  channel  wall  to  vortex  generator  areas 
Ai/A,  is  30  for  all  cases  The  subscript  m  stands 
for  the  average  value. 

Table  2  Compartson  of  global  effects  of  the  four 
oortex  generators  on  heat  transfer  and  flaw  losses 
In  turbulent  chontiel  flow,  T„-  TTg,'  Al/A„  =  30, 
8  X  25°,  R„  =!  SOOOO,  Pr  =  0.7 


Nu»/Nup„ 

upper  wall 

Nu,/Nu„, 

lower  wall 

Nu„/Nup„ 
average  for 
both  walls 

DWP 

1.20 

1.18 

1.19 

4.2 

RWP 

1.14 

1.10 

1.17 

4.0 

DM 

1.25 

1.08 

1.165 

5.1 

RU 

1.28 

1.04 

1.16 

4.9 

NUp,  .  230  ,  -  4.6  10-3 


f)9-  9  Ratios  of  the  spa/uolse  averaged  Russel t 
nuxibers  on  the  upper  and  lower  mall  for  floos  mtth 
and  without  uortex  generator,  comparing  the 
streamwise  effects  of  the  four  uortex  generators 
on  heat  transfer,,  A^/A,  =  30,  8  25°,  Rch^  SOOOO, 

Pr  =  0.7 


The  enhancement  of  Nusselt  number  averaged  over 
both  walls  differs  by  only  for  different  types 
of  vortex  generators.  The  increase  in  flow  losses 
for  the  four  geometries  can  differ  by  more  than 
2P  For  a  n»arly  equal  heat  transfer  enhancement 
t-r  .-ectangular  winglet  pair  brings  the  least  flow 
U  increase  among  the  four  vortex  generators. 


Fig.  10  Relaliue  Increase  of  the  dissipation  num¬ 
ber  C^,  showing  the  axldltlonal  flow  losses  caused 

by  the  uortex  generators  along  strcamwlsc  direc¬ 
tion.,  Re^s  50000 

CONCLUSIONS 

Heat  transfer  augmentation  In  turbulent  flows 
in  a  channel  with  longitudinal  vortex  generaiors 
1$  caused  by  the  elevation  in  the  turbulent  kine¬ 
tic  energy  level  near  the  wall  and  exchange  o  the 
fluid  between  the  near  wall  and  core  region  of  the 
channel . 


fT  •>.-4 
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The  mean  heat  transfer  enhancement  at  an  angle 
of  attack  of  25“  and  Re„  -  50000  amounts  to  16X  to 
19%  on  a  channel  wall  area  which  is  30  times  lar¬ 
ger  than  the  face  area  of  the  vortex  generator, 
the  corresponding  increase  in  flow  losses  is  how¬ 
ever  4  to  5  times  larger  than  that  in  a  turbulent 
channel  flow  without  vortex  generator.  The  ratios 
of  heat  transfer  enhancement  to  flow  loss  increase 
suggest  better  performance  for  the  rectangular 
winglet  pair  than  for  other  forms  of  vortex  gene-' 
raters. 


ACKNOWLEOGEHENT 


The  scholarship  provided  by  the  Deutsche  for- 

schungsanstalt  fur  Luft-  und  Raumfahrt  for  J  X. 

Zhu  is  greatly  appreciated. 

REFERENCES 

BROCKHEIER,'  U.,-  1987,  Numerisches  Verfahren  zur 
Berechnung  Oreidimensionaler  Stromungs-  und 
Temperaturfelder  in  Kanalen  mit  Langswirbeler- 
zeugern  und  Untersuchung  von  Warmeubergang  und 
Strbmungsverlust,;  Dissertation,  Ruhr-Universi- 
tat  Bochum 

FIEBIG,.  H.,.  KALLWEIT,.  P.  4  MITRA,  N.  K  1986, 
Wing  type  vortex  generators  for  heat  transfer 
enhancement,  Proc.  8th  Inti.  Heat  Transfer 
Conf.  6  San  Francisco,'  Hemisphere  2909-2914. 

GERSTEN,,  k.,  1983,.  Fluid  Mechanics  and  Heat  Trans¬ 
fer;.  Introduction  and  Fundamentals,  Heat  Ex¬ 
changers  Design  Handbook,-  Hemisphere,  Vol.  2,- 
chapter  2. 2. 1-4 

LAUNDER,  B.  E.  4  SPALDING,  0.  B.,-  1974,  The  Nume-. 
rical  Computation  of  Turbulent  Flows,-  Computer 
Methods  in  Applied  Mechanics  and  Engineering, 
Vol,  3,.  269-289. 


PAULEV,  W,  R.,  4  EATON,.  J.  K.,  1988,  Experimental 
Study  of  the  Development  of  Longitudinal  Vortex 
pairs  Embedded  in  a  Turbulent  Boundary  Layer,- 
AIAA  J.,.  Vol.  26,,  No.  7,  816-823 

SANCHEZ,.  M.,.  MITRA,  N.  K.,-  4  FIEBIG,  M.,  1990, 
Conjugate  Heat  Transfer  in  a  Three  Dimensional 
Channel  with  a  Built-in  Cylinder  and  Vortex 
Generators,  Proc.  9th  Inti.  Heat  Transfer  Conf 
4,;  Jerusalem,  Hemisphere,;  57-63 

SHAH,  R.K.  4  LONO9N,  A.L.,  1978,  Laminar  Flow  in 
Forced  Convection  in  Ducts,-  Advances  in  Heat 
Transfer,  Academic  Press  New  York,  San  Francis-- 
CO,  London 


n.,-  niiwi,  n.  h.f  a  ntBiU,  M.,-  1991,-  Ni 
merical  simulation  of  periodically  fully  deve 
loped  turbulent  flow  and  heat  transfer  in  chan 
nel  with  longitudinal  vortex  generators,  8t 
Symposium  on  Turbulent  Shear  Flows,,  Munich 


17-3-5 


17-4 


EIGHTH  SYMPOSIUM  ON 
TURBULENT  SHEAR  PLOWS 
Technical  Univer<iil_v  of  Munich 
.September  9-11,  1991 


AN  EXPERIMENTAL  STUDY  ON  THE  SEPARATION 
OF  A  TURBULENT  BOUNDARY  LAYER  FROM  A  SHARP  EDGE 

Shintaro  YAMASHITA**,,  Ikuo  NAKAMURA***,- 
Takeluro  KUSHIDA***  and  Hiroya  YAMADA***' 


*)  Dept.  Mech  Eng.,  Gifu  University,^  Ysnagido,  Gifu,  Japan 
*♦)  Dept  Mech.  Eng  ,  Nagoya  University,,  Furocho,  Chikusaku,  Nagoya,  Japan 
***)  Dept.  Mech.  Eng.,-  Daldo  Inst.  Tech.,  Daidocho,  Minamiku,  Nagoya,  Japan 


ABSTRACT 

Results  of  the  measurement  of  flow  properties 
in  the  shear  layer  occurring  when  a  fully  developed 
two-dimensional  turbulent  boundary  layer  separates 
from  a  sharp  edge  of  a  groove  are  presented, 
especially  focussing  on  the  region  near  the  edge. 
The  effect  of  the  edge  on  the  boundary  layer 
extends  slightly  upstream  of  the  edge.  The  mean 
and  fluctuating  velocities  and  Reynolds  stress 
change  significantly  In  the  longitudinal  direction 
The  turbulent  energy  production  and  dissipation 
are  in  a  state  of  extreme  disequilibrium  in  the  inner 
mixing  layer  just  behino  the  edge.  The  turbulent 
energy  spectrum  in  the  mixing  layer  has  a  fold  or  a 
peak,  suggesting  the  existence  of  a  coherent  struc¬ 
ture 

NOMENCLATURE 

b,  h  :  width  and  depth  of  the  groove,  respectively 
k  :  wave  number 

q*/2  :■  turbulent  energy  =  (u*  +  v*  +  w*)/2 

U  •  mean  velocity  in  the  x-direction 

:  main  flow  velocity  out  of  the  boundary  layer 
U,  •  reference  main  flow  velocity  at  x  *  -250  ram 
u,  v,,  w:  fluctuating  velocity  component  in  the  x-,^  y- 
euid  z-^lirections,  respectively 
u’.  v',  w':  rms  values  for  u,  v  and  w,  respectively 
X,  y,,  z:  coordinate  system  (Fig.  1,,  z:  spanwise 
direction] 

<5  ‘  boundary  layer  thickness 

^11’'  ^22'  one-dlmenslonol  energy  spectra  of  u  cuid  v 
normalized  by  u*  and  v*,  respectively 

INTRODUCTION 

Although  the  separation  of  a  turbulent 
boundary  layer  is  practically  important  and  many 
investigations  have  been  mode  on  this  phenomenon 
so  far,  our  understanding  of  the  turbulent-flow 
separation  is  less  developed  than  our  understanding 
of  the  laminar  separation.  The  flow  separation  can 
be  roughly  divided  into  two  categories:  that  which 
occurs  on  a  smooth  surface  where  the  separation 
line  is  not  predetermined,  and  that  which  separates 
from  a  snarp  edge,  i.e.,  the  separation  at  a  fixed 
line. 

The  present  study  deals  with  the  latter  case, 
that  is,  the  separation  of  a  turbulent  boundary 
layer  from  a  sharp  edge.  The  flow  field  in  this 
study  18  that  which  develops  when  a  two-dimension¬ 
al  turbulent  boundary-layer  How  passes  over  a 
groove  with  large  dimensions  in  comparison  with  the 
boundary  layer  thickness,  as  shown  in  Fig.  1.  Near 
the  separation  point  the  flow  properties  change 
abruptly,  and  after  the  edge  there  develops  a  new 
mixing  layer  called  a  inner  mixing  layer.  This  report 
mainly  concerns  itself  with  this  abrupt  change  and 
the  inner  mixing  layer,  in  which  there  is  no  signifi¬ 
cant  effect  of  pressure  gradient  and  streamline 
curvature.  The  flow  field  is  the  same  as  for  a 
backword-facing-step  flow  with  no  influence  due  to 


sudden  expansion  of  the  flow  passage,  except  in  the 
reattachment  region. 

The  present  flow  is,  on  the  whole,  a  so-called 
cavity  flow  with  recirculation.  It  relates  to  practi¬ 
cal  engineering  problems  and  there  is  much  re¬ 
search  and  review  (e.g.,  Chang  1970,  Rockwell  & 
Naudascher  1978,  Eaton  &  Johnston  1980),  including 
the  pioneering  work  by  Tanl  et  al.  (1961)  on  the 
flows  of  a  groove  or  a  backward-facing  step  In 
these  studies,  investigations  have  focussed  mainly 
on  the  vortical  motion  within  the  groove,  the  re¬ 
lease  frequency  of  the  vortices,  the  three  dimen- 
8k>nality  and  instability  of  the  cavity  flow,  and,  for 
the  step  flow,  the  flow  properties  near  the  reat¬ 
tachment  point  and  the  redevelopment  of  the  flow 
after  the  attachment. 

The  flow  phenomena  associated  with  sudden 
disappearance  of  the  wall-restriction  at  the  sharp 
edge  are  also  observed  at  the  exit  of  a  nozzle  or 
the  trading  edge  of  a  flat  plate  The  reports  of 


Fig.  l.Flow  field 
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Fig.  3  Distribution  of  the  mean  velocity,  rms  values  of  the  fluctuating  velocities 
and  Reynolds  stress  measured  just  behind  the  edge,  x  =  3  mm 


Fig.  4.  Variation  of  the  mean  velocity 
in  the  x-dircction 


downstream  developments  of  the  flows  after  the 
edges  differ  considerably  among  researchers.  Some 
attribute  these  differences  mainly  to  the  upstream 
conditions  (e.g.,  Bradshaw  1966,  Goldschmidt  1977). 
However,  much  attention  has  been  paid  so  far  to 
the  self-preserving  region  far  downstream,  and  no 
detailed  experiment  has  been  made  near  the  sharp 
edge. 

The  present  experiment  is  motivated  partly  by 
these  circumstances,  and  deals  with  the  flow  geome¬ 
try  shown  in  Fig.  !,<  for  which  it  is  easy  to  realize 
the  slight  cheuige  in  upstream  conditions.  The 
measurement  is  carried  out  for  the  sudden  change 
and  subsequent  development  in  the  mean  eind  fluc¬ 
tuating  flow  properties. 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 

The  experiment  has  beer,  made  using  a  wind 
tunnel  with  working  section  of  about  500  mm  height, 
1000  mm  width  and  3  m  length.  A  tnp  wire  1  mm 
m  diameter  is  placed  on  a  flat  plate  10  mm  down¬ 
stream  from  the  leading  edge  The  groove  of  b  =  h 
-  250  mm  as  shown  in  Fig.  1  is  set  about  2.5  m 
downstream  from  the  leading  edge.  The  origin  of 
the  coordinate  in  at  the  front  edge  of  the  groove. 
The  free  stream  velocity  is  kept  constant  and  the 
Reynolds  number  Re  =  U  b/v  is  5  x  10*. 

Mean  and  fluctua^g  velocities  and  Reynolds 
stress  have  been  measured  mainly  by  means  of  I- 
and  X-type  hot-wire  probes,  which  are  specially  de¬ 
signed  miniature  ones  to  measure  In  the  vicinity  of 
the  wall;  typical  X-type  probe  is  presented  in  Fig. 
2.  The  boundary  layer  thickness  6  at  the  edge 
was  about  50  mm  with  no  groove.. 
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Fig  5  Distribution  of  the  boundary  layer  parameters 
in  the  x-direction  upstream  of  the  edge 
CL,  Method  of  Clauser  chart; 

K-S,  Method  of  Karman  &  Shoenherr,^ 

L-T,,  Method  of  Ludwieg  li  Tillmann 


RESULTS  AND  DISCUSSION 

The  ratio  of  the  width  to  the  depth  of  the 
groove  b/h  is  an  important  parameter  governing  the 
structure  of  the  recirculating  flow  within  the 
groove  according  to  the  previous  experiments  (MauU 
St  East  1963,  Kistler  &  Tan  1967).  Depending  on  this 
parameter,  the  recirculating  flow  vanes  as  two- 
dimensional  flow,  three-dimensional  cellular  struc¬ 
ture,  and  unsteady  flow.  These  structures  are 
reflected  on  the  sponwise  distribution  of  the  static- 
pressure  on  the  groove  wall.  The  square  groove  (b 
=  h)  is  considered  to  realize  a  two  dimensional 
cavity  flow  (Maull  &  East  1963,  Kistler  &  Tan  1967), 
and  in  this  experiment  also  the  two  dimensionality 
has  been  confirmed  from  the  measurement  of  the 
static  pressure  on  the  front-side  wall  in  the 
groove 

Figure  3  shows  the  dimensionless  profiles  of 
the  mean  velocity,  rms  values  of  the  fluctuating 
velocities  and  Reynolds  stress  measured  at  x  =  3 
mm  just  behind  the  edge.  The  fluctuating  velocities 
and  Reynolds  stress  have  peak  values  at  y  =  0;  in 
particul£U'  v*  and  -uv  become  relatively  larger  as 
shown  in  the  left  figure  with  the  enlarged  abscissa. 

The  variation  of  the  mean  velocity  in  the  x- 
direction  associated  with  the  edge-separation  is 
presented  in  Fig.  4.  The  minimum  traversing  pitch 
of  probes  in  the  x-direction  is  0.25  mm  near  the 
edge.  The  velocity  at  y  s  70  mm,  outside  of  the 
shear  layer,  is  constant.  Hence,  in  spite  of  sudden 
expansion  of  the  flow  passage,  there  is  no  appre¬ 
ciable  effect  of  the  pressure  gradient,  euid  a  free 
streamline  comes  out  from  the  edge.  The  velocities 
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Fig  6  Variation  of  the  fluctuating  quantities  in  the  x-*direction 


are  nearly  constant  along  the  x-direction  down  to  y 
=  10  mm,  but  vary  slightly  at  smaller  y.  The  upper 
figure  is  an  enlarged  prcrfile  at  y  s  0.5  mm,  and  it 
can  be  seen  that  the  profile  begins  to  change 
somewhat  upstream  of  the  edge  and  the  flow  is 
slightly  accelerated  near  the  edge.  The  lower 
figure  reveals  that,  In  the  region  y  <  0  in  the 
inner  mixing  layer,  all/ay  is  positive  and  large  just 
behind  the  edge.  In  Fig.  5,  the  local  shear-stress 
coefficients  estimated  by  three  different  methods, 
the  displacement  and  momentum  thicknesses,  d*  and 
6,'  and  shape  factor  H  in  the  incoming  turbulent 
boundary  layer  are  presented.  These  quantittes 
show  certain  changes  just  ahead  of  the  edge,  and 
the  upstream  influence  of  the  edge  is  evident. 

The  changes  in  the  turbulent  energy 
and  the  Reynolds  stress  *uv  are  shown  In  Figs. 
6(a)-(c).  They  are  nearly  constant  in  the  x-dircc- 
tlon  on  the  wall,  and  those  near  the  wall  increase 
rapidly  just  behind  the  edge.  The  upstream  influ¬ 
ence  of  the  edge  for  the  turbulence  properties 
seems  not  so  appreciable  as  for  the  mean  flow. 
Figure  7  shows  the  variation  of  these  quantities 
normalized  by  each  value  at  x  =  0  in  the  x-direc- 

tion.  The  growth  rates  for  and  -uv  relative 

to  their  values  at  x  =  0  are  mucn  larger  just 
behind  the  edge  than  u’.  The  change  in  the 
turbulent  energy  production  may  explain  this,  but 
it  is  more  likely  the  result  of  the  dlMppearance  of 
the  waU  restriction.  In  turbulent  shear  flow  along 
the  wall,  u*,  v*,  w*  and  -uv  vanish  as  y*,-  y^, 

and  y^,  respectively,  as  the  wall  Is  approached 
(e.g.,  Monj^  fc  Yaglom  1965);  thus,  the  decays  of 
and  -uv  are  .'aster  than  and  w’  as  the 

wall  is  approached.  Therefore,  when  the  wall  re¬ 
section  is  removed,  the  growth  rates  for  and 
-uv  relative  to  the  values  in  the  wall  flow  should 
be  greater  than  those  for  and 

Prom  the  viewpoint  of  the  response  of  the 
turbulent  boundary  layer  to  the  disturbance,  this 
flow  Is  that  in  wMch  the  state  of  equilibrium  is 
suddenly  disturbed  at  the  edge  due  to  the  step 
change  m  tne  boundary  condition.  This  feature  is 
exauiijted  ubing  the  hasic  equation  for  the  mean  flow 
and  the  turbulent  energy  equation. 

The  mean  flow  equation  in  the  x-*direction  is 
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Fig.  7.  Variation  of  the  fluctuating  quantities 
normalized  by  each  value  at  x  =  0 


Figure  8  shows  the  variation  of  the  representative 
terms,  UsU/ax,'  au^/ ax  and  av^/ax,  in  the  above 
equation  near  the  edge.  The  change  in  the  mean 
flow  begins  sbghtly  upstream  of  the  edge,  and  is 
very  large  near  and  after  the  edge  On  the  other 
hand,  the  large  change  in  the  terms  of  normal 
stresses  is  confineo  just  behind  the  edge  and  no 
effective  change  upstream  of  the  edge  can  be  seen. 
Although  these  terms  are  relatively  smaller  than  the 
advection  term,  they  cannot  be  neglected  as  in  the 
thin  shear  lavers. 

The  tOw  ^  turbulent-energy  equation,  the 

energy  equations  for  the  fluctuating  components 

and  the  Reynolds  stress  equation  in  case  of  steady 
two-dimensional  flow  (e.g  ,  Rotta  1972)  are 

D  — dV\ 

+  e  +  D,  =  0  . (2») 
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Fig,  8.  Change  in  the  representative  terms 
in  the  mean  flow  equation 
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respecUvely,  where  D/Dt  -  U3/3x  ♦  V3/3y,  end  « 
(i  =  u,  V,  w  or  uv)  are  the  dissipation  or 
destruction  terms,  and  D,,  D„  are  the  diffusion 
terms.  The  terms  bracketed  by  symbois  < )  and  «  » 
could  be  neglected  under  the  usual  boundeu'y  layer 
approximation,  and  the  latter  is  one  order  smaller 
than  the  former. 

The  variation  of  two  terms  In  the  turbulent 
energy  equation  for  u*^uctuatlon  [Eq.  (2b)’  is 
presented  m  Fig.  9,  one  of  the  advection  term 
(1/2)1/  3uV  3x  and  minus  the  turbulent  energy 
production  u^3U/3x  which  can  be  usually  neglected 
under  the  thin  shear  layer  approximation.  In  the 
rigui-v  Urn  usual  proUuvUuii  uf  turbulent  eiiexgy  is 
also  given  for  reference,  which  is  estimated  from 
the  wall  shear  stress  and  the  logaiithmic  velocity 
distribution  since  the  Reynolds  stress  cannot  be 
measured  in  the  vicinity  of  the  wall.  As  shown  in 
this  figure,  the  production  u^aU/jx  cannot  be 
i^ored  near  the  edge  Then  another  production 
v*au/3x  Will  not  be  small  either.  These  pixiducUon 
terms  will  be  important  in  tbe  turbulence  field 
associated  with  the  edge^separation.  In  particular, 


Fig.  9  Change  in  the  representative  terms 

in  the  turbulent  energy  equation  In  the 
x-direcUon. 

— (U/U.)3(uV2uI)/3x,. 

- ,  (nVui)3(l/U.)/3x;. 

- ;  [(-uv/Ul){3(U/U.)/3y)),., 


at  the  initial  st^e  of  the  development  of  the  'nner 
mixing  layer.  vHu/tfX  makei  a  positive  contribution 
to  v-^nergy,  while  *u*alJ/ax  makes  a  negative 
contribution  to  u-energy  as  seen  from  Eq.  (2b,  c), 
since  3U/3x  is  positive  for  >  ^  0  behind  the  edge 
(see  Fig.  4). 

Figure_^0  shows  the  profiles  of  the  mam 
production  -uvall/ay  and  dissipation  e,  the  most 
essential  terms  in  the  turbulent  energy  budget 
(Eq  (2a)  3,  at  the  x-statlon  just  behind  the  edge  (x  = 
3  mm).  The  dissipation  is  estimated  by  using 


spectrum  for  turbulent  energy  after  Bradshaw 
(1967).  Figure  lC(a)  is  for  y  >  0  where  the  flow  is 
boundary-layer  like  since  the  inner  mixmg  layer  is 
very  thin  and  confined  near  y  -  0  at  this  section. 
The  profile  of  the  production  coincides  very  much 
with  that  m  a  flat-plate  boundary-layer  of  Kleba- 
noff  (1954),  and  the  dissipation  estimated  from  the 
u-  or  v-spectrum  also  seems  reasonable  compared 
with  Klebanoff’s  profile.  Figure  10(b)  shows  the 
profiles  of  the  production  and  dissipation  around  y 
=  0  with  the  abscissa  contracted  and  the  ordinate 
enlarged.  The  profiles  for  the  flat-plate  boundary- 
layer  are  given  for  comparison  by  chain  lines. 
There  is  a  thin  inner-mixing  layer  around  y  =  0, 
and  in  this  layer  the  production  takes  a  maximum 
value  which  js  considerably  greater  than  thi  flat- 
plate  value.  The  dissipation  near  y  -  0  is  smaller 
than  in  the  turbulent  boundary  layer  and  its  abso¬ 
lute  value  takes  a  maximum  at  y/<5=  -0.01  (y  =  -0.5 
mm).  It  can  be  seen  that  the  production  and  dissi¬ 
pation  are  far  from  a  state  of  equilibrium  at  the 
initial  section  of  the  inner  mixing  layer,  hence,  the 
turbulent  energy  produced  is  not  dissipated  here 
and  must  be  transported  downstream. 

The  normalised  energy  spectra  of  u  and  v, 
<l>jj  and  respectively,  just  behind  the  edge  are 
presented  m  Fig.  11.  The  outer  layer  at  this  sta¬ 
tion  (x  =  3  mm)  is  a  boundary-layer  flow  in  effect, 
and  the  spectra  in  the  outer  layer  are  those  of  the 
boundary  layer.  However,  the  spectra  in  the  inner 
mixing  layer  (y  =  1,  0.5,  0,  -1  mm)  show  a  large 
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(a)  Region  of  boundeu'y-layer  like  of  y  >  0  mixing  layer 

Fig.  10.  Production  and  dissipation  of  the  turbulent  energy:  x  >  3  mn.. 

0,  Production, 

e,  Dissipation  estimated  from  u-spectrum; 
e,  Dissipation  estimated  from  v-spectrum 


variation:  the  contribution  to  the  turbulent  energy  12(b)  also  do  not  change  appreciably  down  to  x  •  1 

from  the  bigh^waveoumber  component  increases  as  mm  as  in  the  u-spectra,  but  have  pronounced  peaks 

y  decreases.  at  more  downstream  stations  corresponding  to  the 

The  changes  in  the  energy  spectra  when  the  bend  of  the  u**9pectra.  Eaton  &  Johnston  (1980) 

flow  near  the  wall  undergoing  change  from  the  have  found  the  same  spectral  peak  in  the  shear 

wall-flow  to  the  boundary-free  flow  over  the  edge  layer  of  the  backward-facing  step  flow  in  which  the 

are  shown  in  Fig.  12.  In  Fig.  12(a)  the  u-spectra  in  incoming  boundary  layer  is  lamlneLr  and  the  momen- 

the  wall-flow  region  (x  <  0)  and  at  x  >  1  mm  are  turn-thickness  Reynolds  number  is  240,  unlike  the 

similar  and  contain  ranges  where  «  k*^  Is  fol-  present  flow  in  which  the  boundary  layer  is  turbu- 
lowed.  The  spectrum  at  x  e  50  mm,  the  most  down-  lent  and  the  momentum-thickness  Reynolds  number 

stream  station  in  this  experiment,  is  bent  at  k  S  2s  about  9000  The  existence  of  this  spectral  peak 

120  The  profiles  of  v-spectra  shown  m  Fig.  or  bend  in  this  experiment  illustrates  that  there 
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(a)  u-apectra;  y  =  0.25  mm 


(b)  v-spectra:  y  =  0  5  mm 


Fig.  12.  Variation  of  the  energy  spectra  in  the  x ‘direction 
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exists  a  coherent  structure  in  an  early  stage  of  the 
development  of  the  inner  mixing  layer  even  when 
the  incoming  flow  is  a  turbulent  boundary  layer  of 
a  high  Reynolds  number. 

CONCLUDINQ  REMARKS 

The  present  study  on  the  abrupt  change  in 
the  flow  properties  associated  with  the  edge-separa¬ 
tion  of  a  turbulent  boundary  layer  leads  to  the 
following  conclusions. 

The  effect  of  a  sharp  edge  on  the  turbulent 
boundary  layer  extends  slightly  upstream  of  the 
edge.  This  effect  especially  is  manifest  in  the  mean 
velocity,  wall  shear^tress  and  Integral  thicknesses. 

The  mean  and  fluctuating  velocities  and 
Reynolds  stress  change  markedly  in  the  x-direction 
near  the  edge.  The  change  in  the  fluctuating 
velocities  is  specially  important  in  the  basic  equa¬ 
tion  for  the  mean  flow,  and  the  terms  such  as 
duVsx  and  avVsx,  usually  neglected  in  thin  shear 
layers,  cannot  be  ignored. 

The  fluctuating  velocities  and  Reynolds  stress 
increase  suddenly  at  the  initUl  stage  of  the  devel¬ 
opment  of  the  inner  mixing  layer;  the  removal  of 
the  turbulence-suppression  effect  by  the  wall  and 
the  additional  production  term  v^U/3x  contribute 
to  these  increases.  In  this  region  the  main  produc¬ 
tion  and  dissipation  are  remarkably  unbalanced. 

In  the  inner  mixing  layer  just  behind  the 


edge,  the  contribution  to  the  turbulent  energy  from 
the  high-wavenumber  component  mc^e^lse8  relative¬ 
ly.  The  turbulent  energy  spectrum  in  the  inner 
mixing  layer  has  a  peak,  and  it  is  conjectured  that 
there  exists  a  coherent  structure  in  an  early  stage 
of  the  development  of  this  layer 
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abstract 

LDV  measurements  of  the  velocity  and  nitbulence  charactensncs 
and  their  comparison  with  numerical  solutions  ^  reported  for 
the  near  wake  recirculating  flow  around  a  disk  with  a  central  jet. 
Both  the  two^quation  k-e  eddy-viscosity  model  and  the  second- 
moment  Reynolds  stress  transport  closure  (RSM)  were  used  to 
close  the  mean-field  equadons.  The  13-point  Quadradc  Weighted 
Upstream  scheme  was  used  for  convection  discretization  and 
employed  in  all  transport  equations.  It  was  found  that  the  present 
flow  configuration  requites  a  very  high  compuutional  resolution 
for  numerical  accuracy.  Like  other  disk  flow  predictions, 
significant  differences  were  noticed  betweeti  the  two  levels  of 
turbulence  closure,  nte  RSM  provides  a  significantly  better 
descnpaon  of  mean  field  compared  with  k-e  eddy  viscosity 
model.  None  of  the  models  is  able  to  predict  accurately  the 
turbulence  field. 

INTRODUCTION 

The  velocity  characteristics  of  the  flow  in  the  near  wake  of  a  disk 
play  an  important  role  in  many  engineering  applications 
Measurements  of  the  flow  in  the  disk  near  wake  were  reported 
previously  e.g.  Carmody  (1969),  Durio  and  Whitelaw  (1974), 
DurSo  and  Firmino  (1983),  Taylor  and  Whitelaw  (1984)  and 
Heitor  and  Whitelaw  (1987).  The  few  numerical  simulations  of 
isothermal  disk  flows  reported  have  shown  that  the  numerical 
accuracy  of  flow  computation  is  crucial  in  order  to  provide  a 
meaningful  assessement  of  turbulence  models,  see  McGuirk  et  al 
(1985a).  Concerning  turbulence  modelling,  McGuirk  et  al 
(1985b)  have  applied  two  versions  of  a  second-moment  closures 
to  the  prediction  of  the  confined  disk  flow  with  comparison  with 
k-e  ^dy  viscosity  model  results.  A  noticeable  feature  is  that 
second-moment  closure  did  not  show  notorious  superiority  over 
k-e  model. 

The  present  study  is  cmcemed  with  the  flow  configuration  of  the 
unconfined  recirculating  flow  behind  a  disk  with  a  central  jet 
similarly  to  the  bluff-body  stabilized  flame  investigated  by 
Scheffer  et  al.  (1987).  The  selected  momentum  ratio  between  the 
annular  flow  around  the  disk  and  central  jet  onginates  a  conmlex 
recirculating  flow  structure.  The  objective  ofthis  study  is  to 
obtain  measurements  of  mean  and  fluctuating  velocity 
characteristics  and  to  investigate  the  performance  of  a  second- 
moment  turbulence  closure,  in  this  separated  flow. 


transmitting  optics  The  signal  was  processed  by  a  counter  (TSl 
1980B)  interfaced  with  a  computer  which  provided  the  velocity 
moments.  The  air  in  both  streams  was  seeded  with  nominal  1pm 
diameter  TiOz  particles.  Mean  axial  and  radial  variances  were 
calculated  from  10  to  50  thousand  samples.  The  maximum 
uncertainties  in  the  mean  and  variances  velocity  at  95% 
confidence  interval  were  2%  and  4%  respectively.  Detailed  tests 
were  earned  out  regarding  flow  axisymmetry,  influence  of 
seeding  conditions,  etc.  and  excellent  long-term  repeatability  of 
the  measurements  was  obtained.  Deuils  concerning  the  LDV 
system  and  data  averaging  procedure  may  be  found  m  Durio  et 
al  (1990). 


MATHEMATICAL  MODEL 

The  continuity  and  momentum  equations  for  a  steady,  two- 
dimensional,  incompressible  fluid  flow  at  high  Reynolds  number 
are 


Upper  and  lower  cases  relate  to  mean  and  turbulence  quantities, 
respectively;  <>  denotes  temporal  average  of  the  variable;  P 
represents  pressure  variable.  To  close  the  above  equauons  either 
a  second-moment  model  and  the  standard  k-E  eddy  viscosity 

(EVM)  mode!  were  considered.  The  transport  equations  for  the 
components  of  Reynolds  stress  tensor  can  be  written  as 


.p  .e 


t3) 


where  the  terms  in  RHS  of  Eq.  (3)  represent  diffusion, 
production,  pressure  redistribution  and  dissipation  rate  of  <U|Ui> 
Apart  from  Pj,  terms  all  the  remaining  ones  in  RHS  need  to  be 
m^elleiL 


Diffusion  term  is  represented  by  a  generalised  gradient  diffusion 
model  Daly  and  Harlow  (1970): 


EXPERIMENTAL  INVESTIGATION 

Experiments  were  conducted  in  the  recirculation  region  behind  a 
disk  with  a  central  orifice.  Air  was  discharged  at  a  velocity  of  30 
m/s  at  the  nozzle  surrounding  the  disk  and  also  through  the 
central  disk  jet  Air  was  supplied  independently  to  the  inner  pipe 
and  discharied  through  the  disk  central  orifice.  The  Reynolds 
numbers  of  the  two  incoming  streams  were  respectively 
R^  =  1.2  X  105  and  Rej »  lO*  based  on  disk  diameter  and  disk 
orifice  diameter  respectively. 

Velocity  measurements  were  obtained  with  one-component  dual 
beam  LDV  in  forward  scattenng  mode.  The  optical  system 
consisted  of  an  0.8  Argon-Ion  laser  using  the  green  line  and  OEI 


^5  =  ?^ 


k  9<u,u,> 

C.-<u,u,>-^ 


(4) 


Pressure-redistribution  term  by  Rotta  (1951)  and  Naot  et  al. 
(1970)  "slow’’  and  "rapid"  models' 


(5) 


<U,Uj>--J<UkUk> 


(6) 
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(7) 


where  the  producnon  term  is  given  by 


au,  3U, 


(8) 


For  the  basic  model,  the  dissipation  rate  of  <U|Uj>  is  represented 
by  an  isotropic  tensor  as  £ij  =  2/3  eSy  The  scalar  dissipation  rate 
IS  computed  from  solving  a  transport  equation  in  the  forni 


^  a_ 
Sit, 


Cc-<u 

e 


^k"  ^e2 


(9) 


where  Pk  =  Pkk/2 

The  value  of  model  constants  are  taJcen  as  previous  studies  and 
presented  in  Table  1. 


Table  1 

—  Model  Constants  Used. 

Cl 

Cj 

Cj 

Ct 

Cel  Ce2 

1.8 

0.6 

0.24 

0.15 

1.44  1.92 

Together  with  the  above  model  the  standard  form  of  the  k-£  eddy- 
viscosity  '  idel  was  considered  (Launder  and  Spalding,  1974). 

NUMERICAL  MODEL 

A  finite-voiunie  method  using  a  staggered  variable  arrangement  is 
used  for  solving  the  equations  system.  The  pressure  and  mean 
velocity  fields  are  coupled  with  SIMPLE  algonthm  (Patankar  and 
Spalding,  1972).  The  13-point  quadratic  upstream  weighted 
scheme  (QUDS:  Leonard,  1979)  was  used  for  convection 
discretization  in  all  transport  equations  At  each  control  volume 
face  the  dependent  variable  $  was  interpolated  by  the  quadratic 
surface  yielding  e.g.  for  $i.|/2j  >  0  the  following  expression 
when  Ui.l/2j>0,  V,.i/2j>0, 


where  Cy  «  Ayj/Ajq.i  lakes  into  account  the  grid  non-uniformily 
and  ai  denotes  coefficients  that  contain  the  de^ndent  variable  ^  in 
the  surrounding  grid  nodes,  (see  for  more  details  Durflo  and 
Pereira,  1989).  The  strongly  implicit  method,  (Stone,  1968; 
Azevedo  et  al ,  1988)  was  used  to  solve  the  system  of  algebraic 
equations  including  only  5  diagonals  in  the  coefTiciems  matnx. 
The  other  coefficients  were  appropriately  incorporated  in  the 
source  term. 

The  stabilizing  practices  suggested  by  Huang  and  Leschziner 
(198S)  were  u^  in  the  numencal  solution  of  the  second  moment 
closure.  V,ic  under-relaxabon  form  of  the  <U|U|>  finite-^ference 
equations  was  used  in  the  splitting  procedure  of  <u,uj>  in 
apparent  diffusion  and  source  terms  included  in  the  momentum 
equations.  Tie  use  of  under-relaxation  form  prevents  large 
variations  of  the  value  of  the  variables  to  occur  during  the 
Iterative  olution  procedure. 


was  prescribed  and  the  radial  momentum  equation  soived  with 
the  assumption  of  zero  axial  velocity  in  this  boundary  and 
arbitrary  very  small  values  were  assigned  to  all  turbulent 
quantities.  At  the  exit  plane  the  gnd  was  refined  and  a  zero 
second  derivative  was  used  for  the  axial  velocity  component. 
Special  care  was  taken  to  evaluate  the  radial  velocity  at  the 
entrainment  boundary  outside  the  domain  to  ensure  mass 
conservation  at  the  exit  plane. 

Calculations  wilh  EVM  and  RSM  closures  were  made  with  non- 
uniform  meshes  consisting  of  30  x  23,  60  x  46  and  100  x  94 
control  volumes:  the  last  grid  is  shown  in  Fig.  I.  Solution 


Figure  1.  Computational  Gnd,  100  x  66  nodes. 


convergence  problems  were  encountered  for  both  eddy  viscosity 
and  second  moment  closure  compulations  due  to  high  negauve 
coefficients  in  the  finite  difference  equations  and  also  rapidly 
varymg  gndienis  of  dependent  variables.  Three  approaches  have 
been  investigated  to  overeome  this  problem: 

i)  A  mixed  quadratic  upstream  (QUDS)  and  first  order  upwind 
scheme  which  shifts  from  QUDS  to  first  order  upwind  on  the 
basis  of  local  cell  Peclet  number,  similar  to  that  used  by 
McGuirk  era/  198Sb; 

ii)  A  blending  flux  correction  of  the  form. 

‘iAr’[r=‘isr.p(ww"-Vrwi.,  ,„) 

where  L  and  H  denote  lower  and  higher  older  convection 
discretization  schemes  and  n  the  iteration  counter.  If  P  =  1  the 
converged  solution  cenesponds  to  the  higher  order  scheme, 

iii)  A  mixed  procedure,  with  option  i)  adopted  for  momentum 
equations  and  option  ii)  for  the  other  trenspon  equations. 

Option  i)  was  applied  wilh  the  shift  from  QUDS  to  first  order 
Upwind  at  Peclet  greater  than  10^.  For  eddy-viscosity 
calculations,  more  than  80%  of  the  computational  domain  was 
calculated  with  QUDS.  In  this  region,  the  negative  coefficients 
were  appropriately  incorporated  in  the  source  term.  For  RSM 
calculations,  the  shift  Peclet  number  had  to  be  reduced  in 
turbulence  variables  equations.  To  avoid  this  reduction,  option  ii) 
was  tried  and  surpnsingly,  it  was  possible  to  obtain  converged 
solutions  either  with  central  differences,  quadratic  upstream  or 
high-order  upwind  depending  on  the  correct  choice  of  p. 
However,  for  p  >  O.S  solution  wiggles  were  found  in  almost  all 
quantities  and  mainly  in  steep  gradients  regions.  The  best 
compromise  was  provided  by  option  lii).  For  turbulence  variables 
equations,  p  was  assigned  to  O.S  and  option  i)  was  used  in 
momentum  equations  with  the  lirmt  Peclet  number  Pe  =  SOO.  This 
procedure  was  requued  as  first  order  Upwind  results  obtained 
with  60  X  48  and  100  x  94  control  volumes  were  far  from  to  be 
grid  independent. 


The  solution  domain  was  extended  in  order  to  cover  2.7  disk 
diameters  in  the  axial  direction  and  1 .4  diameters  in  the  radial 
direction.  This  compuutional  domain  was  shown  to  be  adequate 
to  compute  the  recirculating  flow  region  up  to  1 .2  diameters. 

Boundary  conditions  for  U,  V  and  the  stresses  along  the  jet-exit 
plane  were  taken  from  expOTinenial  values.  The  inlet  unknown 
turbulMce-energy  dissipation  e  was  prescribed  according  to 
e  =  k3”/o.3  D.  Along  the  entrainment  boundary,  the  pressure 


As  our  attention  was  focussed  only  in  the  separated  flow  region 
no  solution  gnd  independence  was  found  even  with  the  finer 
grid.  Deviations  up  to  10%  ui  the  location  of  the  first  stagnation 
point  were  encountered  for  RSM  calculations  using  the  two  finer 
grids.  However,  it  was  concluded  that  the  grid  comprising 
100  X  66  control  volumes  was  sufficiently  fine  to  permit  the 
response  of  turbulence-model  variations  to  be  interpreted  on  the 
assumption  that  the  solutions  were  not  biased  by  numerical 
errors. 


RESULTS 


Fig  2  shows  the  flow  visualization  results.  The  measured  mean 
flow  veloctues  are  presented  in  Fig  3  in  the  form  of  vector  plots 
and  streamlines.  The  Figures  show  that  the  annular  air  jet 
converges  towards  the  centreline  downstream  of  the  disk  aind 
forms  a  wake  region  which  extends  approximately  1  23 
diameters.  A  toroidal  recirculating  flow  tegion  is  formed  within 
the  wake  region  by  the  interaction  of  the  outer  annular  air  with  the 
central  jet  flow  The  central  jet  stagnates  and  is  turned  upstream 
and  outward  by  the  opposing  reverse  flow  of  the  annular  air.  The 
stagnation  point  location  is  dictated  by  both  high  shear  stresses 
generated  along  central  jet  boundary  and  by  the  adverse  pressure 
gradrent 


Figure  2.  Flow  Visualization. 
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Figure  3  Measured  Velocity  Patterns  (U  +  V)  and  Evaluated 
Stream  Functions. 

Fig.  4a)  and  b)  presents  computed  streamlines  for  RSM  and 
EVM,  respectively.  Broadly,  the  mam  features  of  the  flow  are 
captu^  in  the  computations.  The  two-stagnation  points  located 
along  the  centreline  are  also  reproduced  in  the  pi^iu.lons,  but 
their  locus  vary  depending  on  the  turbulence  model  used, 
specially  the  fust  stagnabon  point. 

The  centreline  U-velocity  evolution  is  presented  in  Fig  5  for 
EVM  and  RSM  models.  The  size  and  minimum  flow  velocity 
within  recirculanon  zones  is  correctly  predicted  by  RSM,  while 
EVM  underprcdicts  the  locauon  of  the  Fust  stagnation  point  by 
almost  50%.  The  ceitreiine  velocity  decay  is  also  rather 
diffeiently  predicted  by  the  two  models. 

Fig.  6  shows  radial  proFiles  of  U-velocity.  Notably,  RSM 
pr^cdons  follow  quite  well  the  experimental  data  across  ^  axial 
stations.  Only  small  discrepancies  are  observed,  mainly  within 
the  outer  region  bounding  the  annular  flow,  where  cxpenmental 
values  are  larger  than  the  predicted  ones.  This  is  probably  due  to 
flow  intermittency  in  this  zone,  a  feature  previously  idrntifi«i  by 
Scheffer  ei  al  (1987)  and  that  none  of  the  present  nirbulence 
models  include.  As  a  consequence  of  erroneous  predicuon  of  the 
First  stagnation  point,  large  ^screpancies  with  the  measurements 
are  displayed  in  radial  profiles  obtained  with  EVM. 


2  5  XJD 


Figure  4.  Computed  Streamlines. 
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Figure  5.  Centreline  Velocity  Development.  Predictions. 

- RSM; - ,  EVM;  Measurements' 

Symbols,  DurSo  et  al.  (1990) 


The  radial  profiles  of  V-vclocity  component  are  shown  in  Fig  7 
RSM  predicted  profiles  are  close  to  measurements,  denoting  that 
the  flow  entnunment  rate  is  correctly  predicted  EVM  prediction', 
are  in  severe  error  in  the  zone  upstream  of  the  fir^t  stagnation 
point  inside  the  central  vortex.  In  this  rone,  the  transition  of  an 
inward  flow  (negative  V-velocilies)  to  a  outward  flow  (positive 
V-velocities)  observed  near  the  first  stagnation  is  correctiy 
captured  by  RSM,  while  EVM  is  in  error  both  in  magnitude  and 
in  sign  of  the  V-velocity. 

Figs.  8,  9  and  10  show  the  radial  development  of  Reynolds 
stress  tensor  components  <u7>,  <v7>  and  <uv>  near  the 
stagnation  points,  respectively.  A  stnlting  feature,  already 
observed  in  the  computations  of  McGuirk  et  al.  (1985b),  is  the 
strong  underprediction  of  stresses  levels  in  the  core  region  of  the 
flow,  and  spwially  al  centreline. 
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Figure  6.  U-veloeity  Radial  Development.  Predictions: 

- RSM; - ,  EVM;  Measurements. 

Symbols.  DurJoer  of  (1990). 


Figure?.  V-veloeity  Radial  Developirnin  Prcdiciions. 

— - RSM; - ,  EVM,  Measurements 

Symbols,  DurSoef  a J  (1990), 


This  major  defect  of  both  RSM  and  EVM  can  not  be  atmbatable 
to  an  enoneous  computation  of  mean-field,  which  if  true,  would  o 
yield  biasing  effects  in  Reynolds  stresses  pioducdon  rates  via 
mean-strain.  However,  this  is  not  the  case  as  RSM  predictions  of  » 
mean-flow  field  are  quite  close  to  measurements,  h  was  ; 
speculated  by  McCuirIc  er  at.  (198Sb)  that  the  problem  could  arise  ^ 
from  a  deficient  cepresentauon  of  pressure-strain  process  by  the  > 
present  model  in  the  prediction  of  Reynolds  stress  anisotropy 
near  stagnation  points.  Although  this  argument  can  be  valid 
concerning  the  modelling  of  the  inteicomponent  energy  transfer. 

It  IS  believed  that  is  not  enough  to  justify  the  systematic 


Figure  8. 


Normal  Axial  Reynolds  Stress,  Radia 

Development.  Predictions:  _ _  RSM 
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Figure  9,  Normal  Radial  Reynolds  Stress,  Radial 

Development.  Predictions'  -  RSM. 

- .  EVM;  Measurements  Symbols,  Dario  ei 

al.  (1990). 


Figure  10.  Reynolds  Shear  Stress,  Radial  Development. 

Predictions:  - -  RSM; - ,.  EVM; 

Measurements:  Symbols,  Durio eta/  (1990). 
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underprediction  of  values  of  turbulence  energy  components 
observed,  as  pressure  strain  process  mamly  represents  an  energy 
redistribution  mechanism.  Previous  studies  (Weinstock  and 
Burk,  1985,  Sreenivasan,  1985,  Daiy  and  Harlow,  1970)  have 
attempted  to  explore  a  functional  de^ndence  of  pressure-strain 
model  coefficients  Ci  and  Ca  on  mean  strain  after  some  initial 
tnals,  this  route  was  not  pursued  no  further  in  the  present  study 
as,  one  believes,  the  major  weakness  stem  from  e-equation. 
Moreover,  EVM  predicbons  show  also  the  same  discrepancies. 

However,  due  to  the  complexity  of  the  flow  and  vanety  of  effects 
present,  it  is  not  an  easy  task  to  identify  which  mechanisms  m 
not  represented  by  e-equation  in  ns  standard  form  and  in  which 
flow  lones  their  influence  is  dominant,  and  consequently  to 
devise  any  reasonably  correction  term.  Two  agencies  are  likely  to 
be  responsible:  The  first  is  the  strong  pressure  gradient,  which 
doves  the  central  jet  flow  and  establishes  the  first  stagnauon  point 
together  with  shear  stresses  generated  in  the  border  of  the  jet;  the 
second  is  the  curved  shear  layer  developing  within  the  annular 
flow  which  is  responsible  for  the  formation  of  the  second 
stagnation  point  This  shear  layer  dictates  the  levels  of  turbulence 
energy  across  the  annular  flow  and  by  transport  is  of  influence  on 
the  values  of  k  at  second  stagnauon  region.  However,  and  this 
point  must  be  emphasiaed,  experimental  measurements  of 
probably  density  tUstnbuuon  functions  show  clearly  a  bimodality 
in  U-velocity  components  at  the  first  stagnation  point  and  in  V- 
velocity  component  near  the  second  stagnation  point.  No 
bimodality  was  identified  within  the  annular  flow  bordering  shear 
layer.  This  may  indicate  that  high  levels  of  normal  stresses  found 
near  stagnation  regions  are  due  also  to  the  contnbution  to 
turbulence  energy  budjet  from  oscillating  behaviour  of  the  flow. 
This  speculation  may  be  supported  by  the  comparison  of  present 
measurements  with  those  reported  previously  by  Sheffer  et  at 
(1987). 


Recently  HallbSck  etal  (1990)  have  proposed  an  algebraic  model 
for  dissipation  rate  of  Reynolds  stress  tensor,  Cij,  aiming  to 
include  small  scale  anisotropy  in  modeliing  <u,Uj>-^uanon  The 
model  has  the  form 


(12) 


where 

where  by  =  <U|Uj>/k-2/3  8y  is  the  Reynolds  stress  anisotropy 
tensor  and  n  is  the  second  invanant  of  by.  Hits  algebraic  model 
basically  relaxes  the  isotropic  assumpnon  for  Cy,  allowing  that 
non-normal  components  (<uv>  in  the  present  case)  to  have  a 
dissipating  process  other  than  pressure-strain.  This  relation  was 
incorpor-ted  in  the  RSM  closure  and  predicuons  of  the  flow  were 
obtained  for  several  values  of  ot,  the  only  model  constant.  These 
compuutdons  have  not  shown  an  improvement  in  the  maximum 
values  of  energy  components,  since  the  same  model  for  e- 
equation  was  used  with  the  above  mentioned  supposed 
drawbacks.  However,  as  a  noticeable  effect,  the  locus  of 
maximum  normal  stress  component  at  centreline  was  found  to 
change  if  the  model  is  employed.  Moreover,  this  locus  was  found 
to  be  dependent  of  the  value  of  o.  More  stringing  tests  are 
required  before  to  conclude  about  of  the  validity  and  general 
applicabUity  of  this  model. 

CONCLUSIONS 

In  the  present  study  a  numerical  and  experimental  study  of  an 
unconfined  wake  recirculating  flow  behind  a  disk  with  a  central 
jet  A  second-monnent  closure  as  well  as  k-c  eddy-viscosity 
model  were  incorporated  in  an  appropriate  numerical  solver  and 
predictions  of  mean  and  turbulence  charactenstics  of  the  flow 
were  compared  against  experiments.  It  was  shown  that,  although 
the  flow  being  basically  pressure-driven,  RSM  meaii  field 
predicbons  are  substanbally  m  close  agreement  with  experiments 
compared  to  EVM  ones.  Another  finding  of  the  present  study  and 
consistently  with  previous  ones,  RSM  or  EVM  are  unable  to 
capture  the  rising  of  turbulence  energy  levels  near  the  stagnation 
regions.  This  inability  can  arise  ftom  different  agencies,  the  more 


likely  the  e-equaiion.  Future  modelling  research  is  needed  in 
improving  E-equation.  The  successful  incorporation  of  more 
sophisticated  effects  as  anisotropic  dissipation  as  was  done  in  the 
present  study  is  depending  on  the  adequate  simulation  of 
turbulence  energy  dissipation  rate 
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ABSTRACT 

A  pr^-dictive  model  for  the  mean  velocity  profile  in  wall- 
bounded  turbulent  flow  is  developed  The  model  is  concep¬ 
tually  based  on  the  dynamical  processes  known  to  occur  in 
near-wall  turbulence.  Ejections,  sweeps  and  outer-layer  mo¬ 
tions  are  modelled  directly  as  momentum  transfer  processes 
These  combine  with  viscous  and  pressure  gradient  effects  to 
keep  the  mean  velocity  profile  m  a  state  of  balance.  A  quan¬ 
titative  model  IS  developed  for  the  case  of  plane  channel  fiow 
and  IS  shown  to  correctly  give  an  inner  law,  a  logarithmic  re¬ 
gion,  and  a  wake  region  Predictions  of  skm  friction,  channel 
centreline  velocity  and  shape  factor  agree  well  with  experi¬ 
ments  over  a  wide  range  of  Reynolds  numbers,  including  the 
transitional  and  low-Rcynolds  number  regimes  The  proce¬ 
dure  adopted  represents  a  new  and  fundamentally  non-local 
approach  to  turbulence  prediction. 

1.  INTRODUCTION 

The  turbulent  flow  near  a  wall  has  been  the  subject  of 
intense  research  over  a  large  number  of  years.  Significant 
progress  has  been  made,  resulting  from  studies  using  many 
different  approaches.  Although  a  complete  understanding 
has  not  yet  been  achieved,  there  is  substantia)  agreement 
on  the  main  features  of  the  flow.  As  a  background  to  the 
current  paper,  a  brief  review  of  our  current  understanding 
will  be  presented. 

Central  to  the  current  view  of  the  turbulent  boundary 
layer  are  the  flow  visualisations  from  Kline  et  a).  (1967)  which 
showed  elongated  streaks  in  the  region  very  close  to  the  wall, 
indicating  a  degree  of  organisation  within  the  flow  that  was 
previously  unsuspected.  Streaks  containing  lower  mon^n- 
turn  fluid  (9ow-8peed  streaks’)  were  observed  to  rise  slowly, 
and  break  up  in  a  high-activity  process  termed  ‘bursting’. 
Work  since  then  has  focussed  on  using  increasingly  sophis¬ 
ticated  methods  to  tiy  to  understand  this  process  Motions 
have  been  identified  based  on  the  quadrant  of  u'v'  in  which 
they  occur  (in  the  usual  notation  and  •/  are  the  velocity 
fluctuat'ons  relative  to  the  mean  in  the  streamwise  and  wall- 
normal  directions  respectively  )  For  example  if  u'  is  negative 
and  v'  18  positive  the  event  falls  in  quadrant  2,  and  is  termed 
an  ejection.  It  is  interpreted  as  the  movement  of  low  mo¬ 
mentum  fluid  away  from  the  wall  An  event  with  u'  positive 
and  v'  negative  fails  in  quadrant  4  and  is  termed  a  sweep.  It 
represents  the  motion  of  high  momentum  fluid  towards  the 
wall.  Ejections  and  sweeps  are  common  m  the  buffer  region 
between  the  linear  sublaver  and  the  logarithmic  region  of  the 
me:vn  velocity  profile 

Another  approach  has  been  to  construct  conceptual  mod¬ 
els  of  turbulent  flow  based  on  the  vortical  structures  in  the 


flow.  A  recent  review  has  been  given  by  Robinson  (1991)  In 
the  near-wall  region  a  popular  vortical  structure  has  been  the 
hairpin  vortex.  In  the  region  between  the  legs  of  the  nairpin 
fluid  18  moved  away  from  the  wall,  which  could  correspond 
to  an  ejection  process.  As  well  as  these  near-wall  vortices, 
there  are  also  large-scale  motions  in  the  outer  portion  of  the 
boundary  layer  An  example  of  the  kind  of  motion  proposed 
for  this  part  of  the  flow  can  be  found  in  Brown  and  Thomas 
(1977).  The  relation  between  the  vortices  in  the  inner  and 
outer  regions  is  relatively  poorly  understood. 

The  most  recent  input  to  studies  of  the  turbulent  bound¬ 
ary  layer  has  come  from  direct  numerical  simulations  of 
the  Navier-Stokes  equations  for  flows  in  simple  geometries 
The  resulting  databases  provide  a  wealth  of  information,  in¬ 
cluding  quantities  that  cannot  be  measured  in  experiments. 
Statistics  from  a  computation  of  turbulent  channel  flow  have 
been  presented  by  Kim,  Mom  and  Moser  (1987)  One  im¬ 
portant  result  from  the  simulations  has  been  the  observation 
that  near-wall  vortical  motions  do  not  contain  the  symme¬ 
tries  that  had  been  previously  supposed.  Instead  of  hairpin 
vortices,  Robinson  (1991)  found  asymmetric  structures,  with 
single  quasi-strearnwise  vortices  common  in  the  buffer  region 
It  IS  increasingly  apparent  (Kline,  1990)  that  there  are  many 
mechanisms  at  work  and  the  processes  and  vortical  structures 
may  be  non-unique. 

What  has  been  largely  absent  from  all  the  studies,  of 
both  the  inner  and  outer  regions,  has  been  the  application 
of  the  new  facts  and  concepts  to  generating  new  prediction 
schemes  for  turbulent  flows.  The  intention  of  this  paper  is 
to  present  one  possible  approach  to  this  problem.  One  of 
the  simplest  turbulent  flows,  incompressible  two-dimensional 
channel  flow,  is  considered.  In  section  2  the  procedure  is 
introduced,  and  a  quantitative  model  developed.  Section  3 
presents  a  comparison  with  experimental  data.  Further  dis- 
cuitsioD  IS  then  made  in  section  4.  Standard  notiition  is  em¬ 
ployed  throughout.  The  mean  velocity  profile  is  u(y),  where 
y  is  the  distance  from  the  lower  wall  Wall-coordinates  are 
y*  =  yUr/u  and  u'*’  =  u/ut,  where  uj  =  u[d\xldy)v^  v  is  the 
kinematic  viscosity  and  the  subscript  w  refers  to  the  wall. 

2.  MODEL 
2  1  CONCEPTS 

Turbulent  flow  in  a  channel  can  be  considered  as  a  state 
held  m  balance  by  the  competing  actions  of  eddies  and  vis¬ 
cosity.  ihe  eddying  motions  bring  high-momeniuin  fluid  to¬ 
wards  the  wall,  while  viscosity  tries  to  damp  these  motions, 
especially  near  the  wall.  The  limiting  cases  resulting  from 
these  effects  are  sketched  on  hgure  1.  If  the  viscous  effects 
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Figure  1  Schematic  of  the  mean  turbulent  flow  m  a  chan¬ 
nel,  showing  the  balance  between  eddy  motions  and 
viscosity.  Viscosity  tries  to  return  the  mean  flow 
to  the  parabolic  laminar  profile,  while  the  eddying 
motions  try  to  redistribute  momentum  uniformly 
across  the  channel. 


act  alone  we  would  return  to  laminar  flow  with  a  parabolic 
velocity  profile.  f(  the  eddying  motions  are  allowed  to  act 
alone,  unchecked  by  viscosity  or  walls,  we  would  have  a  per¬ 
fect  redistribution  of  momentum,  leaving  a  uniform  velocity 
profile.  The  latter  state  can  never  practically  be  obtained, 
since  there  is  always  viscosity  present,  but  it  is  conceptually 
useful.  The  state  of  turbulence  can  therefore  be  considered 
at  a  simple  level  as  a  balance  between  the  two  effects. 

This  conceptual  picture  suggests  the  approach  of  predict¬ 
ing  the  mean  velocity  profile  m  a  turbulent  flow  by  roodeUing 
individually  the  momentum  redistributions  caused  by  certain 
classes  of  eddy  motions.  The  three  types  of  eddying  motions 
which  will  be  considered  are  ejections,  sweeps  and  outer-layer 
motions.  The  model  terms,  describing  the  ntomentum  redis¬ 
tribution  caused  by  each  of  these  motions,  were  developed  by 
a  trial  and  error  method 


2.2  FORMULATION 


The  balance  between  momentum  redistribution  and  vis¬ 
cosity  can  be  expressed  in  the  following  form 

o  =  T{E  +  s  +  o)  +  i/p^--^,  (n 

dy^  pdx  ‘ 

where  the  last  term  is  the  streamwise  pressure  gradient  In¬ 
compressible  flow  with  constant  density  p  is  assumed  The 
terms  are  here  formulated  as  Velocity'  redistributions  rather 
than  ‘momentum’  redistributions.  However,  the  latter  ter¬ 
minology  is  retained  since  it  is  more  meaningful  physically. 
For  variable  density  flows  one  would  have  to  include  the  den¬ 
sity  in  the  terms  representing  the  eddying  motions  These 
motions  are  referred  to  as  £  (ejections),  5  (sweeps)  and  0 
(outer-layer  motions)  and  are  modelled  as  follows. 

Ejections  {E). 


E  =  -ct{u-u,f 


“ik 


y{2h -!/)’• 


(2) 


where  Ue  is  the  velocity  at  the  edge  of  the  linear  region  of 
the  viscous  sublayer,  y  is  the  wall-normal  coordinate  and  n 


IS  the  channel  half  width.  The  last  factor  is  simply  l/y,  but 
applied  for  both  walls  in  the  channel.  This  term  reduces 
the  momentum  at  any  point  in  the  channel,  and  models  the 
ejection  process  It  is  strongest  in  the  buffer  region,  and 
small  further  awa\  from  th<*  wall  due  to  the  \jy  effect  The 
significance  of  will  be  discussed  later 
Sweeps  (5)' 

S  =  c,(u,-u)(^)^,  (.i) 

where  the  subs'.ript  te  denotes  the  wall  The  action  of  this 
term  is  to  move  high  momentum  fluid  towards  the  wall  tf 
Uj  were  equal  to  the  mean  velocity  m  the  channel  (averaged 
over  y)  then  this  term  would  act  to  force  the  channel  towards 
a  uniform  flow,  as  m  figure  1  In  the  current  implementation 
the  actual  value  of  u,  has  little  effect,  and  is  chosen  so  that 
global  mass  is  conserved  during  the  redistribution  of  momen¬ 
tum  process. 

The  two  terms  above  give  a  reasonable  model  for  near¬ 
wall  turbulence  The  mean  velocity  profile  is  realistic  up 
to  =  100,  but  results  in  too  strong  a  wake  in  the  outer 
portion  of  the  channel.  To  get  the  correct  behaviour  in  this 
region  an  additional  term  is  required. 

Outer-layer  motions  (0)' 
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where  u  is  the  mean  velocity  in  the  channel  (averaged  over  y) 
Near  the  wall  the  first  term  in  the  denominator  of  equation 
(4a)  is  dominant  and  the  whole  term  then  acts  like  y(du/dy)^ 
and  combines  with  E  and  S  to  generate  the  logarithmic  law 
The  remaining  teims  m  the  denominator  arc  the  most  ad  hoc 
part  of  the  model.  They  serve  to  give  the  correct  Reynolds 
number  trend  of  the  wake  size 

TVansitional  effects  are  handled  in  simple  manner,  by 
reducing  the  size  of  the  momentum  redistribution  term  m 
accordance  with  the  size  of  the  ratio  y,/k,  where  y,  is  the 
value  of  y  at  the  edge  of  the  linear  region  of  the  sublayer. 
Hence: 

r  =  (5) 

where  C(  is  a  (single)  transition  constant.  This  term  reduces 
the  momentum  redistribution  as  if  it  were  cramped  at  the 
lower  Reynolds  numbers,  where  becomes  significant  com¬ 
pared  to  the  channel  half-width.  When  T  drops  to  zero  lam¬ 
inar  flow  becomes  the  solution  to  (1). 


2.3  NUMERICS 


To  focus  attention  on  the  model  equation  the  nunien- 
cal  method  for  solution  has  been  kept  as  simple  as  possible. 
The  solution  is  obtained  by  two  nested  iteration  processes. 
For  the  inner  iteration  equation  (1)  is  reformulated  into  two 
steps: 


=  ..'’  +  A'{r(£’  +  5  +  0),  +  :'|^} 


u”+' 

p  ax 


(6) 
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where  At  is  the  time  step  and  6^  represents  a  second-order 
centra]  difference  The  pressure  gradient  is  assumed  to  be 
independent  of  y,  \^ith  the  magnitude  determined  as  a  cor¬ 
rection  to  the  first  step,  to  ensure  that  a  constant  channel 
throughflow  is  maintained  Equation  (6)  is  iteiat(\t  until  a 
steady  slate  is  obtained. 

The  outer  iteration  consists  of  adjusting  y«  until  the  solu¬ 
tion  to  (6)  gives  a  prescribed  value  of  the  velocity  of  the 
edge  of  the  sublayer  in  wall  coordinates  The  velocity  profile 
for  y  <  Vc  is  assumed  to  be  linear,  so  u*  =  y*  up  to  y.  This 
procedure  ensures  that  the  point  y^  is  at  the  same  pr^ition 
in  wall  coordinates  for  all  cases  This  6xos  the  behaviour  in 
wall-coordinates  and  is  essential  in  producing  an  inner  law 
(u*  a  function  of  y"*"  alone).  The  secant  method  was  used 
for  the  Iterations. 

The  basic  solution  can  be  made  on  a  uniformly  spaced 
mesh,  with  the  first  inner  point  at  y^.  However  a  little  more 
flexibility  and  speed  is  obtained  if  a  stretched  mesh  is  used 
Results  will  be  presented  for  a  grid  with  the  first  mesh  point 
at  the  wall,  the  second  at  y^,  the  third  at  2y«  and  with  suc¬ 
ceeding  points  following 


In  the  computations  a  ^  1  1  was  used,  adjusted  slightly  so 
that  the  last  point  fell  at  the  channel  centreline  The  results 
are  not  sensitive  to  a,  which  can  be  made  as  large  as  1  4  with 
only  a  one  percent  error  in  skin  friction  Tests  showed  that  a 
complete  resolution  of  the  buffer  region  required  adjustments 
to  the  constants.  This  did  not  lead  to  different  results,  but 
did  lead  to  very  small  time  steps  An  implicit  treatment  of 
the  viscous  term  would  probably  cure  this  problem  For  the 
current  explicit  scheme  a  CFL  number  can  be  defined  as 


i/Af 

(Av)L 


(8) 


The  scheme  was  found  by  trial  to  be  stable  for  CFL  <  0  38 
As  a  start  point  for  the  iterations  the  laminar  solution 
was  used.  Symmetry  was  exploited  so  that  only  one  channel 
half  needed  to  be  computed  The  number  of  points  required 
for  a  =  11  varied  from  7  at  fie  =  1700  to  about  60  at 
Re  =  10^.  The  whole  iteration  process  required  less  than 
5  seconds  or.  a  386  persona)  computer,  even  at  the  highest 
Reynolds  numbers  considered. 


2  4  CONSTANTS 

Dimensionless  constants  used  in  the  model  are.  =  9.0, 
Cl  =  0.074,  cj  =  0.0051,  C3  =  4.3  x  10’®,  C4  =  2  0,  cj  = 
2.6  and  Ci  s  5.4.  It  is  possible  that  C4  doesn’t  need  to  h** 
counted  as  a  constant  -  it  makes  the  combination  of  the  first 
two  terms  in  the  denominator  of  (la)  equal  to  zero  at  the 
channel  centreline.  The  constants  ci,,  Cj  and  cj  were 
determined  so  that  (a)  a  logarithic  region  was  obtained,  and 
(b)  the  constants  for  this  region  matched  the  law  of  the  wall 
constants.  An  explicit  rule  connecting  the  constants  from  the 
current  model  with  the  law  of  the  wall  constants  has  not  so 
far  been  obtained.  The  remaining  constants  were  determined 
in  order  to  give  a  reasonble  behaviour  m  the  outer  region  of 
the  channel  and  in  the  transition  region 


3.  RESULTS 


Throughout  this  section  the  Reynolds  number  is  defined 


as* 


(9) 


Figure  2.  Model  results  in  the  low-Reynolds-numbcr  regime 
(a)  in  physical  coordinates,  (b)  in  wall  units,  com¬ 
pared  with  experimental  data  from  Patel  and  Head 
(1969)  The  solid  line  is  from  the  model  at 
Reynolds  numbers  1380  (laminar  flow),  1725,  2220 
and  6100.  The  symbols  are  the  experimental  data. 
The  dashed  line  is  the  logarithmic  law  (10) 


where  h  is  the  channel  half-width,  17  is  the  average  velocity 
and  u  is  the  kinematic  viscosity  For  comparison  purposes 
the  standard  logarithmic  law  is  used 

u"*"  =  —  In  y"*"  +  5,  (10) 

with  fc  =  0  41  and  6  =  5.0. 

3.1  TRANSITIONAL  FLOW 

Solutions  to  equation  (6)  exist  for  Reynolds  numbers 
greater  than  1700.  Below  this  the  flow  is  considered  to  be 
laminar.  The  low  Reynolds  number  region  was  investigated 
experimentally  by  Patel  and  Head  (1969),  who  found  that  the 
trend  from  a  laminar  profile  to  a  turbulent  profile  (approxi¬ 
mately  satisfying  equation  (10))  took  place  in  the  Reynolds 
number  range  1380  to  6100  The  change  in  the  mean  veloc¬ 
ity  profile  from  the  model  over  this  range  is  shown  on  figure 
2(a)  in  physical  coordinates  for  Reynolds  numbers  1380  (lam¬ 
inar),  1725,  2220  and  6100.  The  same  profiles  are  shown  in 
wall  units  on  figure  2(b)  and  compared  witli  the  results  from 
Patel  and  Heal.  Agreement  with  the  experimental  results 
IS  good,  both  for  the  trends  in  the  mean  flow  towards  the 
logarithmic  law,  and  in  the  shapes  of  the  profiles.  Skin  fric¬ 
tion  and  channel  centreline  velocities  also  agree  well  with  the 
experimental  values. 


Figure  3  Evolution  of  the  mc^n  velocity  profile  in  v*ll  coor- 
(lin&tcs,  showing  the  development  of  a  logarithmic 
region  and  a  small  wake 


Figure  4  Comparison  of  the  model  velocity  profile  (solid 
line)  with  data  from  Comte-Bellot  (1965)  (sym¬ 
bols)  The  experimental  value  of  was  adjusted 
so  that  the  data  matched  the  logarithmic  law  (10) 


3.2  EFFECT  OF  REYNOLDS  NUMBER 

As  the  Reynolds  number  is  increased  further  one  expects 
the  logarithmic  law  to  be  more  closely  approched,  to  extend 
to  higher  values  of  ,  and  for  a  *wake'  region  to  form  in  the 
outer  part  of  the  channel.  Figure  3  shows  these  effects  for 
Reynolds  numbers  15000,  60000  and  240000.  The  size  of  the 
wake  at  the  highest  Reynolds  number  is  about  one  Vr  unit 
Figure  4  shows  a  comparison  of  velocity  profit.^  with  the  data 
from  Comte-Bellot  (1965)  for  Reynolds  numbers  of  114000* 
?40000  and  460000,  whicli  represent  the  highest  channel  flow 
Reynolds  number  data  available  In  order  to  compare  the 
profiles,  the  values  of  Ur  from  the  experiment  have  been  ad¬ 
justed  so  that  the  same  logarithmic  law  (10)  is  satisfied  in 
each  case.  1  he  value  of  Uj  was  multiplied  by  1.09,  1.03  and 
1.085  for  the  three  Reynolds  numbers  respectively.  Agree¬ 
ment  between  the  model  and  the  data  is  verv  good,  across 
the  whole  of  the  channel.  The  size  of  the  wake  in  turbulent 
channel  flow  is  known  to  be  significantly  smaller  than  that  of 
a  boundary  layer.  A  trend  towards  slightly  inaeasing  wake 
size  as  the  Reynolds  number  increases  is  obtained. 


Figure  5  Variation  v,  ith  Reynolds  number  of  (a)  skin  friction 
Cf  =  2ufu^{dufdy'j^,  (b)  certerlmc  velocity  Uc/« 
and  (c)  shape  factor  H  s  61/62,  where  61  is  the 
displacement  thickness  and  is  the  momentum 
thickness.-— — •,  model;----,  Dean  correlations 

(c/  =  0.073/^c-'^^,  ti./u  =  1.28Hc-°«i8), - , 

laminar  flow,  o,  Patel  and  Head  (1969),  o,  Hussain 
and  Reynolds  (1975);  0,  Comte-Bellot  (1965);  x,, 
Kim,  Moin  and  Moser  (1987);  -f,  Gilbert  (1988) 


A  large  quantity  of  experimental  data  was  collated  by 
Dean  (1978),  who  produced  empirical  laws  for  the  variation 
of  skin  friction  and  centreline  velocity  with  Reynolds  num¬ 
ber.  On  figure  5  the  model  predictions  and  Dean’s  correla¬ 
tions  are  compared  with  experimental  data  from  Patel  and 
Head  (1969),  Hussain  and  Reynolds  (1975)  and  Comte-Bellot 
(1965),  as  well  as  direct  numerical  simulation  results  from 
Kim,  Moin  and  Moser  (1987)  and  Gilbert  (1988).  Figure 
5(a)  shows  the  skin  friction  c/  =  2u/u^{du/dp)wi  figure  5(b) 
the  channel  centreline  velocity  Uf/Ti  and  figure  5(c)  the  snape 
factor  H.  The  shape  factors  for  the  experimental  data  were 


computed  from  the  origmai  velocity  profiles  using  trapezoid 
integration  The  model  quantitatively  predicts  all  the  quan¬ 
tities  correctly  Especially  notable  w  the  ability  of  the  model 
to  give  the  correct  behaviour  of  skin  friction  at  low  Reynolds 
numbers. 

3  3  MODEL  TERMS 

It  IS  of  interest  to  examine  the  behaviour  of  the  individ¬ 
ual  terms  in  the  model  The  variations  with  y  of  the  ejec¬ 
tion  term  (E),  the  sweep  term  (5),  the  outer-layer  term  (O), 
the  viscous  term  (V)  and  the  pressure  gradient  term  (P) 
at  Reynolds  number  IMOOO  are  shown  on  figure  6(a)  m  the 
near-wall  region  and  on  figure  6(b)  across  half  the  charnel 
width  At  this  Reynolds  number  the  premultiplymg  tran¬ 
sition  factor  T  is  equal  to  0.996,  and  can  be  ignored  The 
ejection  term  is  strongest  in  the  buffer  region  20  <  y'*’  <  40 
as  expected.  In  fact  the  shape  of  this  term  is  sinular  to  the 
conditionally  sampled  slreamwise  velocity  during  a  burst  (see 
figure  6  in  Blackweldcr  and  Kaplan,  1976)  In  the  model  this 
term  reduces  to  zero  at  y"^  =  ti+  =  9.0.  At  y*  there  is  basi¬ 
cally  a  balance  between  the  sweep  term  S  and  the  effect  of 
viscosity  V  The  viscous  term  uses  the  physical  viscosity  r, 
and  should  not  be  confused  with  a  ‘turbulent’  viscosity.  In 
the  logarithmic  region  the  viscous  term  has  much  less  influ¬ 
ence,  and  the  important  terms  are  the  ejections,  sweeps  and 
outer-layer  motions.  In  the  central  part  of  the  channel  the 
ejection  term,  the  sweep  term  (here  producing  a  decrease  in 
momentum)  and  the  outer-layer  term  all  play  a  role  The 
pressure  gradient  acts  uniformly  across  the  channel,  but  is  of 
negligible  importance  compared  with  the  other  terms. 

4  DISCUSSION 

The  idea  for  the  current  model  came  during  a  study  of  the 
late  stages  of  transition  to  turbulence  (Sandham  and  Kleiser, 
1991)  High  wall  shear  was  observed  to  develop,  caused  by 
vortices  in  the  flow.  The  question  was  then  posed  why  does 
the  shear  at  the  wall  not  increase  indefinitely'^  The  obvious 
answer  of  viscosity  led  directly  to  the  picture  sketched  on  fig¬ 
ure  1,  with  the  idea  of  a  balance  between  ’nc  effects  of  eddies 
and  viscosity  in  the  near  wall  region  Furi  her  development  of 
this  picture  was  pursued  in  the  hope  thai  by  considering  the 
direct  effects  of  certain  eddy  motions  in  the  near-wall  region 
some  of  the  basic  physics  would  be  modelled,  and  the  final 
model  would  be  of  more  general  applicability  than  the  usual 
empirical  approaches  via  the  Reynolds-averaged  equations 
Whether  this  new  approach  can  be  turned  into  an  engineer¬ 
ing  tool  remains  to  be  seen,  but  the  experience  from  channel 
flow  is  encouraging. 

Several  informal  rules  were  followed  during  this  work. 
One  was  to  keep  all  constants  independent  of  Reynolds  num¬ 
ber,  and  another  was  to  avoid  the  use  of  any  functions  (log¬ 
arithms,  exponentials  etc.)  in  the  model  te-ms.  Thus  the 
logarithmic  region  of  the  velocity  profile  develops  naturally 
rather  than  being  imposed  This  leads  to  the  hope  that  tur¬ 
bulent  flows  in  which  there  is  no  logarithmic  region  (for  ex¬ 
ample  ‘relaxing’  flows)  may  also  be  correctly  treated.  In  this 
respect  the  low  Reynolds  number  effects  in  the  channel  flow 
can  be  cited  -  the  model,  in  agreement  with  the  experiments, 
does  not  give  a  logarithinic  region 

The  current  model  has  several  features  whi-di  are  incor¬ 
rect,  or  which  it  would  be  preferable  to  avoid  One  problem 
18  that  a  velocity-defect  law  is  not  quite  obtained.  Figure  7 
shows  the  velocity  defect  «)/^r  V  —  from  the 
model  plotted  against  Reynolds  number  and  compared  with 


Figure  6  Terms  in  the  model  equation  (a)  m  near-wall  re¬ 
gion,  (bj  over  one  channel-half.  B  =  ejection  term, 
5  =  sweep  term,  0  =  outer-layer  term,  V  =  vis¬ 
cous  term  and  P  ss  pressure  gradient  term 


Figure  7.  Variation  of  the  velocity  defect  (uc  -  u)/ut  at  y  = 
fi/2  with  Reynolds  number,  showing  how  a  defect 
law  IS  not  quite  obtained  at  the  higher  Reynolds 
numbers 


data  from  Hussain  and  Reynolds  (1975)  and  Comte-Bellot 
(1965).  It  can  be  seen  that  the  defect  is  not  independent  of 
Reynolds  number,  suggesting  that  the  treatment  of  the  outer- 
layer  IS  not  quite  correct.  The  deviations  are  generally  too 
small  to  show  up  against  the  experimental  velocity  profiles 
(figure  4)  and  it  should  be  noted  that  the  experiments  them¬ 
selves  do  not  convincingly  display  a  constant  velocity  defect. 
However,,  conceptually  one  would  like  the  model  to  give  a 
defect  law  in  the  limit  of  infinite  Reynolds  number.  Also, 
the  very  neeur-wall  region  could  perhaps  be  improved.  The 
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current  formulation  applies  only  down  to  yc  below  which  the 
profile  is  aasumed  to  be  linear  The  yt  point  is  fundamental  to 
the  success  of  the  model,  but  it  does  lead  to  a  discontinuity 
m  the  derivative  of  the  velocity  profile  A  conlinuou>  for¬ 
mulation  would  be  preferable  m  the  near-wall  legion,  would 
avoid  the  numerical  problem  of  where  to  put  the  first  few 
points  and  would  possibly  simplify  analytical  treatment  of 
the  model  system 

As  a  general  classification  the  currect  model  could  per¬ 
haps  be  described  as  non-local,  although  this  term  has  been 
used  elsewhere  in  different  contexts  The  idea  of  non-local 
transport  cf  mass  appears  in  the  meteorology  literature, 
termed  transilient  turbulence  by  Stull  (see  for  example  Ebert 
et  al ,  1989).  However,  the  applications  have  been  to  model 
the  vertical  motion  of  matter  in  the  atmosphere,  rather  than 
the  redistribution  of  momentum  near  a  wall  Perhaps  a  step 
in  this  direction  was  taken  by  Rudiger  (1982),  who  proposed 
to  model  the  Reynolds  stress  with  a  linear  integral  equation 
(the  current  model  leads  to  a  nonlinear  integral  equation  for 
the  Reynolds  stress).  However,  to  the  best  of  the  author's 
knowledge  nothing  like  the  current  model  has  appeared  in 
‘he  literature 

The  change  from  laminar  to  turbulent  flow  is  an  interest¬ 
ing  part  of  the  model  When  the  Reynolds  number  is  too 
low  there  is  no  solution  to  the  model  system  and  the  flow  is 
assumed  to  be  laminar  What  the  model  is  really  saying  is 
whether  turbulent  flow  can  be  sustained.  Thus  the  transition 
processes  are  really  those  of  ‘bypass’  transition  (where  large 
initial  disturbances  lead  directly  to  breakdown,  bypassing 
primary  and  secondary  instabilities)  or  of  relaminansation. 
Thus  a  simplified  form  of  the  model  may  perhaps  be  useful, 
not  for  predicting  transition,  but  for  prediction  of  locations 
in  a  flow  where  wall-bounded  turbulence  would  self-sustain 

5.  CONCLUSIONS 

A  simple  model  equation  has  been  developed,  which  con¬ 
tains  as  Its  solution  many  of  the  observed  features  of  the 
mean  velocity  profile  in  transitional  and  turbulent  channel 
flow.  Solutions  to  the  model  equation  exist  above  a  certain 
Reynolds  number.  As  the  Reynolds  number  is  increased  the 
mean  profile  dev  ’ops  a  logarithmic  region,  and  at  higher 
Reynolds  numb  a  small  wake  forms  Good  quantitative 
agreement  witl  xperimeiits  is  obtained  for  the  mean  ve¬ 
locity  profile,  together  with  the  associated  measures  of  skin 
friction,  centreline  velocity  and  shape  factor. 

Individual  terms  in  the  model  equation  can  be  considered 
as  modelling  directly  the  ^,^a^sfe^  of  momentum  in  a  channel 
due  to  certain  types  of  eddy  motions.  One  term  models  ejec¬ 
tions  and  transfers  low  momentum  fluid  away  from  the  wall 
Another  models  sweeps  and  carries,  high  momentum  fluid  to¬ 
wards  the  wail.  A  third  term  is  interpreted  as  modelling 
motions  In  the  outer  region  Each  transfer  of  momentum  is 
a  non-local  process,  depending  on  conditions  near  the  wall 
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ABSTRACT 

Expenments  and  numencal  simulauons  have  been  earned 
out  for  the  developing  flow  in  a  curved  channel.  This  flow  is  sus- 
cepuble  to  a  centrifugal  instability,  which  results  in  the  formation 
of  streaniwise  oriented  vortices  Linear  stability  theory  is  able  to 
accurately  predict  the  cnural  Rtynolds  number,  i  e.  the  Reynolds 
number  fur  which  the  pn  nary  iiisuibility  starts  to  develop.  If  the 
Reynolds  number  is  increased  above  the  cnucal  a  number  of 
supercnucal  btfurcauons  occurs  before  a  developed  turbulent  stale 
IS  reached  The  focus  here  is  on  the  initial  stages  of  iransiUon  to 
turbulence  of  the  flow  from  its  onginal  laminar  state.  Our  mea- 
.survments  and  simulations  show  that  even  at  Reynolds  numbers 
SIX  umes  the  cnucal  one  the  longitudinal  vonex  structure  persists. 

INTRODUCTION 

The  flow  in  curved  passages  ts  unportant  in  several  practi¬ 
cal  applications,  as  for  instance  most  types  of  turbo-machinery, 
flow  along  guide  vanes,  in  heat  exchangers  and  past  airfoils.  In 
many  of  these  applications  the  Reynolds  number  is  fairly  low  and 
the  stability  of  the  laminar  flow  and  the  laminar-to-turbulent 
transition  phase  may  be  of  great  imporuince  to  detennine  the  effi¬ 
ciency  or  perfonnance  of  the  application  in  quesuon.  The  under- 
sumding  of  the  transition  phase  is  less  developed  in  these  cases 
where  body  forces  (of  cenuifugal  and/or  Conolis  type,  the  latter 
in  the  case  of  system  rotation)  play  an  important  role  (see  for 
i.nstance  Alfredsson  &  Persson,  1989  and  Matsson  &  Alfredsson, 
1990)  Furthermore  no  pracucal  engineenng  methods,  of  e.g.  the 
e"-type,  have  been  developed  for  these  cases.  The  instability  in  a 
flow  field  subject  to  body  forces  usually  takes  the  form  of 
stream  wise  onented  roll  cells  or  vortices  which  dramatically  alter 
the  basic  laminar  velocity  field  These  roll  cells  seem  to  persist 
even  in  the  turbulent  stale  and  they  have  a  profound  mfluence  on, 
for  instance,  the  skin  fnetion  and  possibly  also  on  heal  transfer 

In  this  study  experimental  and  compuUiliunal  techniques 
arc  used  to  invesugate  the  route  to  transition  of  the  flow  in  a 
curved  channel  (Fig  1)  which  can  serve  as  a  canonical  case  for 
flows  with  sueamline  curvature.  The  basic  laminar  flow  is  unidi¬ 
rectional  and  has  a  near-parabolic  profile  with  the  maximum 
slightly  shifted  towards  the  inner  (convex)  wall.  The  object  of 


this  work  IS  the  understanding  of  the  transition  sequence  past  the 
curved  channel  Poiseuille  type  flow,  once  centrifugal  forces  reach 
a  "critical"  magnitude.  The  flow  undergoes  a  sequence  of  supet- 
cnucal  bifurcations  before  a  fully  developed  turbulent  state  is 
reached  The  control  parameter  is  the  so  called  Dean  number  de¬ 
fined  as 

De^ReyJy. 

where  y  is  the  channel  width  over  radius  ol  curvature  rauo 
'^2d/(ro+ri),  r,  is  the  inner  and  r,,  the  outer  radius  of  the  channel, 
and  Re  is  defined  through  the  bulk  velocity.  Ub,  and  the  channel 
height,  d=r(,  -  r, ).  From  linear  stahibty  analysis  one  finds  that  the 
cntical  Dean  number  (Ded,  i.e  the  Dean  number  above  which 
streamwise  voruces  may  grow,  is  36  (assuming  y«1).  The  wave 
number  (|3)  that  cone,>ponds  to  the  cntical  Dean  number  is  3.9S 
(Drazin  &  Reid,  1981).  At  higher  Dean  numbers  (De/De^  i  1.3) 
an  analysis  by  Guo  &  Finlay  (1991)  indicates  that  the  sueamwise 
vortex  sUTictue  is  unstable  to  spanwise  penurbations  (denoted  by 
them  a'  a  generahzcd  Eckhaus  inslabihty,  see  also  Eckhaus,  1965 
and  Stuan  &  DiPnma,  1978),  which  would  give  nse  to  merging 
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and  splitting  of  the  streamwise  vortices  Bottaro,  Matsson  & 
Allredsson  (1991)  performed  numencal  simulations  of  a  spaually 
developing  flow  wiih  a  large  spanwise  box  to  allow  for  natural 
spanwise  wave  number  selection  and  compared  this  with  expen- 
mental  measurements  at  De=2  4  Deer  The  overall  agreement  was 
good  both  qualitatively  and  quantitatively.  Furthermore  merging 
and  splitting  of  vortex  pairs  was  observed  in  both  the  cxpenmenl 
and  the  simulation  In  experiments  at  higher  De  (Dc/De^  >  3)  a 
stcondary  instability  in  the  form  of  oblique  travelling  waves  with 
a  streamwise  wavelength  of  the  same  order  as  the  spanwise 
wavelength  of  'he  primarv  instability  has  been  detected  both  from 
now  visualization  and  hot-wire  experimenL«  (Kellcher,  Flentie  & 
McKee,  191)0,  Ligrani  &  Niver,  1988  and  Matsson  & 
Alfreds,son,  1990,  1991)  and  in  numerical  simulations  (Finlay, 
Keller  &  Ferziger,  1988)  In  this  paper  we  present  re.sulls  at 
higher  De  which  give  information  of  the  transition  stages  before 
developed  turbulence  is  obtained.  The  report  is  both  a  study  of 
the  flow  field  tlself  and  a  conipanson  between  a  full  numencal 
simulation  wi»h  inflow-outflow  boundary  conditions  and  a  physi¬ 
cal  expenmenL 


were  usually  taken  across  a  full  y-z-plane  consisting  of  20*300 
mca.suremcnts  poinLs  which  were  sufficient  to  allow  detailed  plot- 
ung  of  contour  lines  of  the  streamwise  velocity 

Tl.e  measurements  of  the  streamwise  velocity  was  ob¬ 
tained  with  a  hot-wire  probe,  where  the  sensor  had  a  diameter  ol 
2  3  (tm  and  a  length  of  0  5  mm  connected  to  a  CTA  hot-wire 
anemometer  (DISA  55M01)  The  hot-wire  was  calibrated  against 
the  parabolic  PoLseuillc  p.ofile  (l-y^)  at  the  end  of  the  suaight 
part  of  the  channel  (which  was  assumed  to  be  fully  developed) 
and  the  calibration  so  obtained  was  directly  in  U/Uci ,  where 
UcL  IS  the  centerline  velocity  The  flow  velocities  encountered 
wee  low  (typically  between  tl  5-4  m/s)  Data  sampling  and  step¬ 
per  motor  movements  were  controlled  by  a  Macintosh  II.  The  fan 
was  running  at  maximum  speed  and  the  flow  rale  could  be  regu¬ 
lated  by  a  mechanical  throttle  ant'  determined  from  the  pressure 
drop  over  an  opfice-plate  flow  meter  located  between  the  fan  and 
the  inlet  section 

NUMERICAL  PROCEDURE 


EXPERIMENTAL  ARRANGEMENT 

The  experiments  were  earned  out  in  an  air  channel  made 
of  Plexiglass  designed  for  hot-wire  measurements  of  curved 
channel  flow  The  radius  of  curvature  of  the  channel  at  the  cen¬ 
treline  was  400  mm  and  the  channel  width  was  10  5  mm,  giving 
an  inner  to  outer  radius  ratio  of  0.974,  The  spanwise  aspect  ratio 
was  29  to  1  thereby  avoiding  end  wall  effects  in  the  major  part  of 
the  channel  A  radia'  fan  blew  air  into  the  inlet  chamber  where  the 
flow  was  distributed  by  a  perforated  pipe  and  two  wire  screens 
A  two-diraensnnal  conuaction  with  an  area  rauo  of  14  further 
reduced  the  mean  flow  variations.  The  channel  consisted  of  a 
straight  part  followed  by  a  curved  secuon  ot  270  degrees.  The 
straight  inlet  section  was  40  channel  heights  long  and  the  curved 
secuon  corresponded  to  a  length  of  180  channel  heights 

The  traversing  system  was  a  three  degree  of  freedom  sys¬ 
tem,  for  which  the  motion  normal  to  the  walls  and  in  the  span- 
wise  direcuon  was  computer  controlled  The  upper  end  wall  had  a 
tight  sill  of  rubber  which  allowed  streamwise  positioning  of  the 
hot-wire  support  This  was  made  manually.  The  hot-wue  probe 
was  mounted  on  a  vertical  rod  of  4  mm  diameter  spanning  the 
channel  along  the  centerline.  This  md  was  connected  to  a  stepper 
motor  which  traversed  the  hot-wire  in  the  vertical  direction  The 
rod  was  guided  by  a  4  mm  hole  at  the  bottom  wall  (holes  were  lo¬ 
cated  at  different  sueamv.  ise  posiuons)  and  at  the  top  of  the  chan¬ 
nel  by  a  brass  lube  that  fitted  lightly  between  the  channel  walls 
The  rod  could  also  be  rotated  by  another  stepper  motor  to  allow 
for  radial  traversing  In  this  way  the  hot-w  ire  sensor  could  be  tra¬ 
versed  in  contact  with  the  outer  concave  channel  wall  and  as  close 
as  U  3  mm  from  the  inner  wall.  In  the  spanwise  direction  mea¬ 
surement  were  made  across  the  full  channel  section  and  at  a  dis- 
uince  of  3  mm  from  the  bottom  and  lop  walls.  Measurements 


The  numencal  simulation  considers  the  spatially  develop¬ 
ing  flow  with  inflow-outflow  boundaries.  The  spanwise  direcuon 
IS  chosen  penodic  with  a  width  of  9  channel  heights  This  is  large 
enough  to  contain  several  vortex  pairs  The  streamwise  length 
corresponds  to  100®  or  67  channel  heights  No-slip  Dinchlet 
condiUons  for  the  velocity  were  applied  at  the  solid  boundaries 
The  inlet  condition  was  the  slightly  modified  parabola,  corre¬ 
sponding  to  the  fully  '■“veioped  subcritical  one-dimensional 
curved  channel  flow  (Matsson  &  Alfredsson,  1990)  A  steady 
periodic  inlet  perturbation  was  adopted  (superimposed  on  the 
shifted  parabola)  to  drive  the  vortex  development  The  steady  in¬ 
let  perturbation  is  indispensable  to  avoid  a  conunuous  forcing  of 
the  flow  at  the  inlet  of  the  channel  (Buell  &  Huerre,  1988).  At  the 
outflow  convective  boundary  condiUons  such  as  the  ones  de- 
senbed  by  I-owery  and  Reynolds  (1986)  and  Bottaro  (1990)  were 
judged  to  be  acceptable  These  conditions  are  suited  for  time- 
dependent  problems  and  have  been  shown  to  produce  negligible 
upsueam  reflection  of  outgoing  waves  in  a  Poiseuille/'Benard 
travelling  wave  problem  (Bottaro,  1990)  In  non-dimensional 
units  they  read 


Ou  ,  ,,  3u 


Ov  ,,3v 


3w  ,  ,,  3w 


ir^u^^o 


where  the  u,  v  and  w  are  the  disturbance  velocities  in  the 
sUeamwise,  normal  and  spanwise  direcUons,  respectively.  Once 
the  outlet  velocity  components  are  computed  by  the  use  of  the 
above  expressions,  the  sueamwise  velocity  u  at  the  exit  cells  is 
adjusted  to  satisfy  global  mass  balance  The  correction  factor  is  a 
multiplying  constant  which  is  always  contained  within  1±0.001, 
Deviations  from  unity  should  be  asenbed  to  the  fact  that  the 
divergence  of  the  velocity  is  not  exactly  equal  to  zero  during  the 
Iteration  procedure;  as  such  global  mass  conservation  is  not 
exactly  satisfied. 
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The  computalional  gnd  was  n0*24*'60  in  (he  x.y.z- 
direciions.  The  streamwise  resolution  was  felt  to  be  adequate  to 
resolve  the  large  streamwise  scales  of  the  flow  bui  may  be  only 
marginally  adequate  to  resolve  the  secondary  instabiliues  of  the 
flow  A  fine  resolution  was  employed  in  the  cross-secUon  and  the 
gnd  was  composed  of  160  spanwise  points  and  24  normal 
points,  the  latter  smoothly  stretched  to  resolve  boundary  layers 
near  the  walls.  The  mesh  was  fully  staggered  Its  adequateness 
was  assessed  on  the  basis  of  comparisons  with  expenmental 
measurements  as  well  as  one  dimensional  spanwise  specUa  The 
good  comparison  with  linear  stability  theory  for  spatial  growth 
(which  IS  reported  in  Fig  4)  is  particularly  leassunng  with 
respect  to  the  streamwise  numencal  resolution  The  spatial  dis¬ 
cretization.  in  the  finite  volume  approximation,  adopted  a  .second 
order  central  difference  scheme  to  treat  total  (convective  and  dif- 
tusive)  fluxes  Solutio'  '  ere  obtained  by  tully  implicit  trme- 
marching,  with  up  to  5  internal  iterations  performed  at  each  time 
step  to  ensure  that  the  maximum  pressure  and  velocity  residuals 
decrease  to  acceptable  levels  (10'^  was  the  level  required  for 
streamwise  velocity  and  pressure,  while  normally  the  other  two 
velocity  components  were  reduced  to  0,5  lO"^)  The  time  steo 
was  chosen  to  be  about  one  tenth  the  Courant  condition.  The 
pressure  coupling  is  treated  with  the  SIMPLER  pressure  correc- 
uon  technique  described  by  Patankar  (1980).  The  computauonal 
domain  was  seamed  with  radial  and  azimuthal  zebra  sweeps 
which  do  nut  eliminate  the  (inevitable)  recursion,  but  allow  vec- 
tonzation  of  all  inner  loops.  Three  sweeps  were  performed  for 
pressure  and  pressure  correction  equations  and  one  each  for  the 
three  velocity  components  The  resulting  tridiagonal  systems  of 
linear  equauons  are  solved  by  the  use  of  the  Thomas  algorithm 

RESULTS 

The  results  presented  here  are  for  a  De  of  235  which  is 
more  than  six  Umes  the  enbeal  De.  At  this  Dean  number  the  flow 
was  not  steady,  however  the  vorex  pattern  was  quite  consistent 
and  some  individual  vortex  pairs  could  be  followed  in  the 
streamwise  direcuon.  Depending  on  the  downstream  posmon  the 
hot-wire  signal  was  typically  averaged  over  a  period  of  5  sec¬ 
onds  In  Fig.  2  me  velocity  field  at  five  different  downstream 
positions  IS  plotted  (at  x/d=  22,  52,  82,  112  and  142).  Shown 
are  lines  at  constant  streamwise  disturbance  velocity,  i.e.  the 
measured  streamwise  velocity  from  which  the  undisturbed 
parabolic  profile  has  been  subtracted.  The  contour  lines  are 
spaced  0.10  Ucl  apart  and  negauve  values  are  shown  as  dotted 
lir>es  while  the  zero  contour  as  well  as  positive  lines  are  full- 
diawn  The  measurements  span  the  entire  width  of  the  channel 
'jid  the  effects  of  the  top  and  bottom  walls  are  strongly  localized. 
At  x/d=22  the  vortex  pairs  have  given  nse  to  "mushroom"  shaped 
regions  of  low  velocity  fluid  which  are  typical  for  boundary  layer 
flows  along  concave  surfaces  (see  e  g  Swearingen  & 
Black wcldei,  1987),  We  call  tins  the  inflow  regions.  In  channel 
flow  at  lower  De  than  the  present,  the  inflow  region  does  not 
exhibit  such  a  clear  mushroom-shape  (see  Bottaro  el  al.,  1991) 


Fig  2.  Contours  of  the  streamwise  perturbation  velocity  for 
rv=23S  in  the  y-z  plane  at  five  different  xfd  The  outer  and 
inner  channel  walls  are  to  the  left  and  right,  respectively. 
Contour  lines  are  separated  by  0. 10  UcL- 


The  mushrooms  consist  of  lluid  with  low  streamwisc  velocity 
which  IS  moved  from  the  concave  wall  towards  the  convex  side 
between  a  pair  of  counter  rotating  vortices  The  magnitude  of  the 
disturbance  velocity  reaches  values  as  high  as  51)  ‘X  ol  Un  The 
effect  of  this  motion  is  also  seen  close  to  the  convex  side  as  a 
high  speed  region  which  originates  from  fluid  in  the  centre  of  the 
channel.  At  this  streamwise  position  the  strength  of  the  vortices  is 
fairly  equal  and  in  the  cenmal  part  of  the  channel  the  average 
spanwise  wave-number  of  the  vortices  is  3.6.  Further  down¬ 
stream  the  mushroom  shape  pattern  of  the  low-speed  regions  dis- 
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Fig.  3.  Ensemble  averages  of  the  streamwise  perturbauon  veloc¬ 
ity  for  De=235  at  five  different  x/d  Contour  lines  are  separated 
by  0.05  UcL- 

a)  x/d=22  b)  x/d=52  c)  x/d=82  d)  x/d=l  12  e)  x/d=l42 


appears  and  the  flow  is  instead  dommated  by  a  penodic  pattern  of 
elongated  regions  of  positive  disturbance  velocity  at  the  concave 
wall  The  regions  of  negative  disturbance  velocity  are  not  as 
clearly  visible  as  at  smaller  x/d  This  may  be  due  to  the  fact  that 
the  flow  IS  unsteady  and  that  the  vortices  move  irregularly  in  the 
z-direction  thereby  "erasing"  the  narrow  low-speed  regions  when 
talcing  a  long-time  average.  The  downstream  development  ot  the 
vortex  pairs  leads  to  merging  of  neighbounng  pairs  and  the  aver¬ 
age  spanwise  wave  number  decrease  with  downsOeam  distance 
(at  x/d=142  P  IS  3.0) 

In  order  to  get  a  clearer  picture  of  the  average  development 
of  the  flow  field,  ensemble  averages  of  the  vortex  pairs  were  con¬ 
structed  This  was  done  by  first  identifying  'he  centre  of  each 
vortex  pair,  i.e.  the  regions  of  maximum  negative  disturbance 
velocity  in  the  flow  field  and  using  this  as  a  reference  point  for 
the  ensemble  averages.  About  thirteen  vortex  pairs  were  identified 
at  each  streamwise  position  and  were  used  in  the  ensemble  aver¬ 
age  (which  also  was  made  symmetrical)  shown  in  Fig  3. 
Although  slightly  smeared  compared  to  the  individual  vortices  the 
development  is  clearly  seen,  at  first  the  mushroom  shape,  which 
decreases  in  size  further  downsheam  whereas  the  positive  distur¬ 
bance  regions  become  more  elongated.  Noticeable  is  also  how  the 
vortex  pair  give  nse  to  a  positive  disturbance  region  on  the  con¬ 
vex  wall,  which  is  consistent  with  the  idea  that  the  vortex  pair 
moves  high  speed  fluid  from  the  centre  of  the  channel  towards  the 
convex  wall. 

The  development  of  the  vortex  structure  is  illustrated  in 
Fig  4  where  a  measure  of  the  streamwise  disturbance  velocity  is 
shown  The  measure  is  defined  as 


The  iniual  development  m  the  numencal  sunulation  is  close  to  the 
exponential  growth  as  predicted  by  linear  theory  up  to  quite  high 
disturbance  amplitudes.  Further  downstream  the  disturbance 
amphtude  reached  a  maximum  before  it  decreased  and  reached  its 


Fig.  4.  rhniplitudc  of  the  average  disturbance  velocity  at  different 
x/d  for  De=235.  For  comparison  the  linear  spatial  growth  rate  is 
also  plotted - :  simulauon,  x:  experiments 
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Fig  5  Companson  of  measured  and  compuieo  streamwise  dis¬ 
turbance  velocity  field  in  the  y-z  plane  at  three  different  stream- 
wise  positions  for  De=235  Contour  lines  are  separated  by  0  05 


asymptotic  level  The  experimental  data,  after  being  shifted  by 
x/d=5  to  match  the  "virtual''  origin  of  the  experiment  and  the 
simulation,  agree  nicely  with  the  simulation  Note  that  in  the 
stmulation  the  flow  is  stationary  up  to  x/d'40,  and  that  above 
x/u-SO  a  distinct  wobbling  of  the  vortices  in  space  and  time  is 
nouceable 

Fig.  5  is  a  companson  between  the  expenmental  and  nu¬ 
merical  results  at  three  different  downstream  positions.  The  ex¬ 
penmental  data  are  taken  from  the  middle  of  the  channel  in  order 
to  mimmire  inHuence  of  the  side  walls.  The  downstream  spacing 
IS  the  same  in  the  figure  for  the  expenment  and  the  simulation, 
however  the  virtual  ongins  for  the  two  cases  are  dilleier.t  and  arc 
shifted  according  to  the  results  in  Fig  4.  There  is  a  close  corre¬ 
spondence  between  the  experiments  and  the  simulation  both  of 
the  qualitative  development  of  the  vortex  structure  as  well  as 
quantitative  measures  of  the  streamwisc  disturbance  velocity 

CONCLUSIONS 

A  combined  expenmental  and  numencal  study  of  the  route 
towards  turbulence  in  curved  channel  flow  has  been  made.  The 
experimental  data  show  a  remarkably  regular  spanwise  patlerti, 
reflecung  the  development  of  a  doralnaung  pattern  of  sueamwise 
voruces  The  numencal  simulauon  seems  to  be  able  to  predict  the 
general  features  of  the  flow  development  accurately  The  details 
of  these  processes  and  its  development  into  turbulent  curved 
channel  flow  will  be  funher  invesugated  by  us  in  the  future.  It  is 
interesung  to  compare  the  present  numencal  approach  with  that  of 
other  simulations.  Bland  &  Finlay  ( 1991 )  sunulated  the  transition 
in  a  box  with  penodic  sueamwise  and  spanwise  boundary  condi¬ 
tions.  The  spanwise  sire  of  the  box  was  chosen  to  fit  only  one 
vortex  pair.  This  of  course  restnet  the  possibility  of  interaction 
between  neighbounng  vortices  which  in  both  our  expenment  and 
simulauon  seems  to  be  an  important  ingredient  in  the  flow  devel¬ 
opment.  Also  the  use  of  oenodic  streamwisc  boundary  condiuons 
may  be  quesuonable  since  the  spatial  development  is  not  accu¬ 
rately  modelled.  We  believe  that  .such  a  sunulation  can  only  be  of 
limned  value  in  order  to  understand  die  later  stages  of  transiuon  in 
this  and  similar  flows  The  study  of  Yang  &  Ktm  (1991  >.  which 
IS  a  study  of  rotating  plane  channel  flow,  on  the  other  hand  uses  a 
wide  box  in  order  to  let  the  fiow  itself  develop  its  spanwise 
structure.  11  a  development  there  is  close  to  the  experiments  by 
Alfredsson  &  Persson  (1989)  (both  merging  and  splitting  are  ob¬ 
served  for  instance),  however  their  use  of  streamwisc  penodic 
boundary  conditions  also  restncls  the  validity  of  that  approach  if 
one  wants  to  get  adequate  informauon  on  the  physical  processes 
leading  to  transition  in  general  and  to  use  them  as  input  to  Uansi- 
uon  models  in  pa'Ucular 

The  “xpenments  were  carried  out  with  support  from  S'fU,  the 
Swedish  National  Board  for  Technical  Dcveloproeni.  whereas 
Cray-2  nine  was  provided  by  the  Swiss  Federal  Insutule  of 


Technology,  Lausanne  The  authors  want  to  thank  Professor  Inge 
Ryhniing  lor  supporting  and  encouraging  this  cooperauve  eftort. 
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Abstract 

A  theoretical  investigation  is  described  that  at¬ 
tempts  to  gam  additional  insight  into  the  later 
stages  of  the  transition  process  and  initial  turbu¬ 
lence  in  the  flat-plate  boundary  layer.  For  this  pur¬ 
pose  the  coherent  structures  of  the  flow  were  cal¬ 
culated  from  the  data  of  a  num  .-rical  simulation  by 
Rist  et  al.  [10]  and  the  spatio-temporal  behaviour 
of  these  structures  was  investigated  The  coher¬ 
ent  structure*'  were  determined  using  tiie  Proper 
Orthogonal  Decomposition  technique  (POD;  lead¬ 
ing  to  an  expansion  of  the  flow  field  variables  into 
Karhutien-Loeve  (KL)  eigenfunctions.  This  decom¬ 
position  was  performed  in  planes  normal  to  the 
flow  direction  and  iu  three  dimensions.  Zii  the  two 
dimeasio  '  case,  in  addition  to  the  eigenfunctions 
for  the  vc.vcity  vector  the  eigenmodes  of  nonlinear 
functions  ,  like  turbulent  production  and  viscous 
dissipati,m  were  calculated.  The  three-dimensional 
KL  eigenfunctions  are  demonstrated  to  represent 
the  structures  seen  in  experiments. 

1  Introduction 

The  last  decades  of  turbulence  research  have  seen 
growing  interest  in  the  study  of  coherent  structures 
of  turbulent  flows.  One  of  the  reasons  for  this  in¬ 
terest  is  the  expectati  on  that  investigating  the  dy¬ 
namical  behiiviour  of  the  characteristic  structures 
of  a  turbulent  flow  might  increase  our  understand¬ 
ing  of  such  flow  s  It  has  abeady  been  demonstrated 
[1,8]  that  certain  prominent  features  of  turbulent 
flow  can  be  represented  as  the  action  of  coherent 
structures,  and  it  is  hoped  that — ai  least  for  some 
flows — the  turbulent  flow  as  a  whole  can  be  ex¬ 
plained  in  terms  of  its  coherent  structures. 

Furthermore,  three-dimensional  coherent  struc¬ 
tures  of  a  flow  can  be  used  as  a  system  of  ‘natural’ 
eigenmodes  along  which  the  Navier-Stokes  equar 
tions  may  be  projected  yielding  a  system  of  ordinary 
differential  equations  for  the  dynamical  behaviour 
of  these  structures  [1,12].  if  most  of  the  energy  of 
the  turbulent  flow  can  be  captured  by  only  few  of 
these  modes,  such  a  system  of  ODE’s  ‘.rms  a  low¬ 


dimensional  model  of  the  turbulent  flow  that  can  be 
analysed  using  the  well  developed  tools  of  dynami¬ 
cal  systems  theory. 

As  a  first  step  towards  such  a  low-dimensional 
model  we  therefore  calculated  the  coherent  struc¬ 
tures  of  the  canonical  flow  over  a  flat  plate.  For 
these  calculations,  data  from  the  numerical  simula¬ 
tion  of  transition  in  a  flat-plate  boundary  layer  by 
Rist  [9]  and  Rist  et  al.  [10]  were  used.  In  their  work, 
Rist  et  al.  performed  a  direct  Navier-Stokes  simula¬ 
tion  of  the  spatial  development  of  an  incompressible 
flow  as  observed  in  the  experiments  on  ‘controlled’ 
transition  by  Kachanov  et  al.  [2].  Like  Rist  in  [9], 
where  the  details  of  this  simulation  can  be  found, 
we  use  the  symbols  s,.  y  and  z  for  the  streamwise, 
normal  and  spanwise  coordinate,  respectively;  the 
corresponding  velocity  components  for  the  fluctuat¬ 
ing  flow  we  are  only  dealing  with  In  this  paper  are 
u,  ti  and  u>. 

From  the  data  generated  by  the  above  simula¬ 
tion  we  only  used  the  values  of  the  velocity  vec¬ 
tor  within  a  certain  three-dimensional  window  of 
the  computational  domain.  The  region  investigated 
corresponds  to  a  rectangular  box  8.85 mm  high 
and  24.5  mm  wide  in  the  spanwise  dl.-ection.  In 
the  streamwise  direction  the  box  extends  bom 
a;  =  300 mm  to  1  =  500  mm,  with  x  being  the  dis¬ 
tance  from  the  flat-plate  leading  edge.  With 
the  free-stream  velocity  of  9.09  m/s  the  Reynolds- 
number  based  on  momentum  thickness  can  be  cal¬ 
culated  as  Rej,  =  283  at  the  inflow  and  Rej,  =  575 
at  the  outflow  boundary  of  our  domain.  Thus 
the  region  considered  here  comprises  the  stages  of 
the  transition  process  from  the  beginning  three- 
dimensional,  nonlinear  development  of  Tollmien- 
Schlichting  waves  up  to  just  beyond  the  spike 
stages. 

From  the  data  given  above  it  can  be  inferred  that 
the  flow  we  are  considering  here  certainly  does  not 
show  fully  developed  turbulence  although  certain 
features  of  it — like  mean-flow  profiles — begin  to  ap¬ 
proach  the  turbulent  ones  near  the  end  of  our  do¬ 
main.  On  the  other  hand,  as  will  be  shown  below,, 
certain  processes  that  we  found  show  striking  sim¬ 
ilarities  to  events  like  bursting  that  are  generally 
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agreed  to  be  of  importance  in  the  case  of  fully  de¬ 
veloped  turbulent  boundary  layers. 

In  the  next  section  of  this  paper,  we  briefly  de¬ 
scribe  the  proper  orthogonal  decomposition  (POD) 
method  we  used  for  the  calculation  of  coherent 
structures  of  our  flow.  We  then  present  a  discus¬ 
sion  of  the  structures  of  the  rlov.  within  planes  per¬ 
pendicular  to  the  streamwise  direction.  In  section  4 
we  finally  give  some  of  our  latest  results  concern¬ 
ing  three-dimeiisional  structures  of  the  flat-plate 
boundary  layer 


2  The  Proper  Orthogonal  De¬ 
composition 


as  possible  to  the  realisations  u'.  Mathematically 
this  can  be  expressed  as 


II-AIP 


Max., 


(2) 


where  the  symbol  ||  ■  ||  is  used  for  the  norm 

(3): 


in  function  space.  In  other  words,  we  are  looking 
for  a  function  whose  piojection  on  the  flow  real¬ 
isations  u'  is  maximum  in  quadratic  mean.  Using 
the  calculus  of  variations  we  can  reduce  the  above 
problem  to  the  Fredholm  integral  equation  of  the 
second  kind 


In  connection  with  the  problem  of  identification  of 
characteristic  eddies  in  a  random  turbulent  flow, 
Lumley  [7]  proposed  a  method  for  determining  co¬ 
herent  structures  which  is  now  widely  known  as 
Proper  Orthogonal  Decomposition  (POD).  We  will 
outline  this  method  briefly  in  the  following. 

Before  proceeding,  a  few  remarks  concerning  our 
prerequisites  and  the  validity  of  the  derivations  be¬ 
low  are  in  order.  We  will  confine  ourselves  to  finite 
regions  in  space,  so  that  all  functions  appearing  in 
the  formulas  below  can  be  viewed  as  being  of  fi¬ 
nite  support  and  hence,  on  physical  grounds,  being 
square-integrable.  Tkus,  all  the  integrals  used  be¬ 
low  are  we'l  defined  in  the  ordinary  Riemannian 
sense,  the  ntegration  domain  D  being  a  finite  re¬ 
gion  in  space.  Furthermore,  as  the  simulation  that 
produced  our  data  assumed  symmetry  of  the  flow 
field  with  respect  to  the  ai-y-plane,  the  fields  we  are 
investigating  are  not  homogeneous  in  the  spanwise 
direction  so  that  the  continuous  translation  group 
does  not  apply.  Rather  the  flow  field  shows  distinct 
qualitative  variations  with  the  spanwise  coordinate 
that  can  be  summarised  under  the  term  ‘peak-valley 
splitting’  [3].  Because  of  this  situation,  the  POD 
will  yield  well-defined  structures  for  the  spanwise 
direction  as  well  and  not  just  sinusoids  as  in  the 
case  of  homogeneous  directions  [12]. 

In  our  evaluation  of  averages  we  make  use  of  the 
ergodic  hypothesis  by  substituting  time  averages  for 
the  ensemble  averages  denoted  by  (•).  Finally,  the 
spatial  variable  *  can  stand  for  a  one-,  two-  or  three- 
dimensional  vector  of  any  combination  of  the  z-,  y-, 
and  z-coordinates.  The  scalar  product  (•,  •)  in  the 
Hilbert-space  of  square-integrable  functions  is  then 
defined  by 

(a,6)=  f  a(x)-b(x)dx.  (1) 

Jd 

Suppose  now  we  are  given  a  set  of  realisations 
(an  ensemble)  of  some  flow  field  variable  u  as  a 
function  of  a  coordinate  x  at  different  times  U, 
u'{x)  =  u{x,  ti).  What  we  are  looking  for  is  a  func¬ 
tion  4>(x)  that  is,  in  some  average  sense,  as  similar 


I  R{x,x')  ■  4)[x')dx' =  \<j){x)  (4) 

JD 

representing  an  eigenvalue  problem  for  the  structure 
d>  (see  [7]  for  details  of  the  derivation).  The  kernel 
R  of  this  equation  is  the  autocorrelation  function 
defined  by 

R(x,x')=.(u{x)u(x')),  (5) 

where  the  term  inside  the  brackets  denotes  a  dyadic 
product.  This  kernel  is  symmetric  and  nonnegative- 
definite  so  that  from  Hilbert-Schmidt  theory  it  fol¬ 
lows  that  Eq.  (4)  has  a  denumerable  infinite  set 
of  solutions  4)j  and  corresponding  eigenvalues 
Methods  for  the  solution  of  (4)  are  described  in  [7] 
and  in  [12]  and  shall  not  be  dealt  with  here.  The 
eigenfunctions  of  (4)  are  known  as  ‘Karhunen-Lo^ve 
eigenfunctions’  from  probability  theory  [6].  Some 
of  the  most  important  properties  of  these  solutions 
shall  be  repeated  here. 

The  different  eigenfunctions  are  orthogonal  and 
can  be  normalised  so  that 

=  (6) 

where  i;*  is  the  Kronecker-symbol.  The  flow  fields 
u*  can  be  expanded  in  the  eigenfunctions  via 

=  (7) 

;=1 

where 

c,(f,)  =  («*',.^,).  (8) 

The  coefficients  in  the  expansion  (7)  have  the  prop¬ 
erty 

(C;C0  =  (9) 

which  means  that  they  are  uncorrelated  with  each 
other  and  that  the  eigenvalues  of  (4)  represent 
the  mean  square  values  of  the  coefficients  in  equa¬ 
tion  (7).  Thus  the  eigenvalues  of  Eq.  (4)  are  non¬ 
negative  and  are  a  measure  for  the  importance  of 
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the  corresponding  structure  to  the  flow.  In  the  fol¬ 
lowing  we  will  make  use  of  this  property  by  defining 

as  the  ‘activity’  of  the  corresponding  coherent  struc¬ 
ture  ij)j .  Like  the  eigenvalues,  these  activities  show 
an  exponential  decay  with  their  ‘quantum  num¬ 
ber’  ]. 

The  most  significant  propel ty  of  the  decomposi¬ 
tion  (7)  cam  be  seen  immediately  by  comparing  (7) 
and  (2).  There  it  becomes  clear  that  the  eigenfunc¬ 
tions  were  chosen  such  that  the  convergence  of  a 
representation  of  the  flow  fleld  is  optimally  fast  in 
the  mean-square.  This  means  that  of  all  possible 
systems  of  modes  the  one  described  by  (4)  needs 
the  smallest  number  of  terms  to  represent  the  flow 
field  to  a  given  accuracy.  Thus,  if  one  is  aiming 
at  a  low-dimensional  description  of  a  turbulent  flow 
via  a  system  of  ordinary  differential  equations,  once 
one  has  decided  that  time  should  be  the  indepen¬ 
dent  variable  of  this  system  of  ODE’s — which  al¬ 
though  not  being  mandatory  seems  to  be  a  natural 
choice — the  POD  delivers  an  optimum  system  of 
eigenfunctions  for  such  a  description.  Furthermore, 
apart  from  an  application  of  its  eigenfunctions  in 
models  for  turbulent  flows,  the  modes  of  the  POD 
allow  to  describe  the  spatial  structure  of  a  flow  in 
an  optimally  compact  form. 

3  Two-Dimensional 
Structures 

In  this  section,  structures  in  planes  normal  to 
the  flow  direction  shall  be  discussed.  The  set  of 
two-dimensional  eigenfunctions  representing  these 
structures  forms  a  complete  decomposition  of  the 
flow  fields  that  occur  within  such  planes  and  thus 
provides  a  description  of  the  spatial  structure  of  the 
flow  depending  on  the  streamwise  coordinate.  In 
section  2  it  has  been  shown  that  the  POD  furnishes 
a  minimum  system  of  eigenmodes  in  the  sense  that 
there  is  no  other  set  of  eigenmodes  possible  that 
could  captuie  the  structure  of  the  flow  using  fewer 
modes  than  the  POD.  Therefore,  the  number  of 
KL  eigenfunctions  needed  for  the  approximation  of 
the  flow  fields  to  a  given  accuracy  can  be  used  as  an 
‘intrinsic’  dimension  that  measures  the  spatial  com¬ 
plexity  of  these  flow  fields  [13].  As  the  precise  value 
of  this  dimension  dKL  depends  on  the  accuracy  pre¬ 
scribed,  we  will  use  as  an  informal  definition  of 
the  number  n  of  eigenfunctions  needed,  so  that 

A„+i  <  1.0-10-®,  (11) 

which  means  that  we  require  the  root  mean  square 
error  of  the  KL  expansion  Eq.  (7)  to  be  of  the  order 
of  0.1%.  We  now  calculated  this  ‘Karhunen-Loeve 


X  [mm] 

Figure  1:  Kathunen-Loive  dimension  dKL  for  fields  of 
velocity,  turbulent  production  and  viscous  dissipation 


dimension’  for  decompositions  of  the  field  of  the  ve¬ 
locity  vector  u,  for  the  field  of  the  instantaneous 
turbulent  production 


P  =  -u,UjS,j, 

(12) 

where  S,j  is  tiie  mean  rate  of  strain. 

(13) 

and  for  the  field  of  viscous  dissipation 

E  =  2usi,s,j,. 

(14) 

with  Si;  denoting  the  fluctuating  rate  of  strain,  de¬ 
fined  by 


where  we  have  made  use  of  the  summation  conven¬ 
tion  in  the  equations  above.  The  results  of  the  cal¬ 
culation  of  dKL  for  these  fields  are  shown  in  Fig.  1.. 
First  of  ail,  it  can  be  seen  that  the  spatial  complex¬ 
ity  of  the  velocity  field  rises  during  the  transition 
process,  and  the  gradient  of  this  increase  is  almost 
constant  during  the  last  20%  of  the  domain.  The 
curve  for  the  dimension  of  the  turbulent  production 
field  is  qualitatively  similar  to  the  one  of  the  velocity 
fleld  with  a  shift  towards  somewhat  higher  values. 
As  turbulent  production  basically  is  a  product  of 
velocities,  a  higher  complexity  of  this  fleld  was  to 
be  expected.  In  contrast,  the  behaviour  of  the  de¬ 
composition  of  the  field  of  viscous  dissipation  does 
not  meet  such  expectations.  After  an  initial  steep 
increase,  the  complexity  of  the  dissipation  field  de¬ 
creases  just  behind  an  z-position  corresponding  to 
the  beginning  of  the  spike  stages  [2]  and  at  the  end 
of  our  domain  even  seems  to  be  lower  than  that  of 
the  velocity  field.  And  in  fact,  if  the  most  ener¬ 
getic  eigenfunction  of  dissipation  at  a  location  near 
the  maximum  of  dKL  compared  to  the  one  at  the 
end  of  our  domain  (Fig.  2)  it  is  found  that  the  lat¬ 
ter  is  significantly  less  complex  in  shape.  We  can 
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therefore  conclude  that  just  after  the  spike  stages 
a  process  of  organisation  of  viscous  dissipation  sets 
in  This  phenomenon  seems  to  be  connected  to  the 
well-known  intermittent  character  of  viscous  dissi¬ 
pation  [5],  as  Fig.  3  indicates,  where  the  behaviour 
in  time  of  the  coefficients  (i(<)  in  Eq.  (7)  for  an 
expansion  of  the  dissipation  field  are  shown.  The 


Figure  3.  Expansion  coefficients  fi(<)  for  viscous  dissi¬ 
pation  at  z=500mm. 

flow  at  this  position  seems  to  be  in  a  state  where 
highly  di.ssipative  structures  are  embedded  in  an 
almost  inviscid  flow,  a  situation  described  by  the 
term  ‘internal  intermittency’  [5].  It  has  been  con¬ 
jectured  [5]  that  such  a  situation  arises  due  to  the 
action  of  vortex  stretching  that  created  thin  fila¬ 
ments  of  high  vorticity  and  corresponding  dissipa¬ 
tion.  In  contrast,  the  dissipative  structure  we  found 
IS  highly  localised  in  the  y-r-plane  and— judging 
from  the  extremely  narrow  spike  in  Fig.  3 — also  in 
the  z-direction,  forming  something  like  a  ‘dissipa¬ 
tive  blob’  rather  than  a  filament.  Furthermore,  we 
did  not  find  structures  with  a  behaviour  similar  to 
the  ones  of  the  dissipation  field  neither  in  the  veloc¬ 
ity  nor  in  the  vorticity  field.  This  indicates  that  the 
attributes  of  the  dissipative  structures  ’  e  found  are 
due  to  an  interaction  of  two  or  more  of  the  struc¬ 
tures  of  the  velocity  field  rather  than  being  a  signal 
of  the  passage  of  a  single  coherent  structure  pos¬ 
sessing  special  dissipative  properties. 

The  observations  above  also  confirm  the  promi¬ 
nent  role  of  the  spike  stages  of  transition  to  turbu¬ 


lence.  We  will  therefore  discuss  the  structure  of  the 
flow  field  as  captured  by  the  eigenfunctions  of  the 
POD  in  some  more  detail  at  a  streamwise  location 
of  z=442mm  which  is  at  the  so-called  ‘two-spike 
stage’.  Fig.  4  shows  the  behaviour  in  time  of  the 


Figure  4:  Expansion  coefficients  (;(f)  and  signal  of  u 
(dashed  linejat  p=:  3.11  mm  in  the  peak  plane.  Curves 
of  the  f;  have  been  shifted  in  the  ordinate  as  indicated 
by  the  dotted  lines  and  were  multiplied  by  the  maximum 
velocity  in  the  y-s-plane  of  the  corresponding  eigenfunc¬ 
tion. 

first  five  coefficients  Q{t)  of  the  expansion  (7)  of  the 
velocity  field  together  with  the  signal  of  u.  Three 
of  these  coefficients  show  a  particularly  noticeable 
behaviour  simultaneously  with  the  occurence  of  the 
spikes.  This  indicates  that  the  characteristic  pro¬ 
cesses  of  the  spike  stage  are  captured  by  these  three 
structures  which  we  therefore  want  to  lock  at  more 
closely.  Since  the  instantaneous  flow  field  induced 
by  a  given  eigenfunction  is  given  by  (j(t)^j(®), 
one  can  get  a  precise  idea  of  the  events  that  are 
responsible  for  the  spikes  by  combining  the  infor¬ 
mation  on  the  coefficients  fs,  (4  and  Cs  with  the  ve¬ 
locity  vectors  in  the  !/-r-plane  as  plotted  in  Fig.  5. 
The  process  starts  with  a  movement  of  fluid  towards 
the  peak  plane  of  the  boundary  layer  (5th  eigen¬ 
function)  that  is  immediately  followed  by  an  intense 
updraught  of  fluid  away  from  the  wall  (3rd  eigen¬ 
function).  After  this  motion  has  settled,  a  some¬ 
what  weaker  motion  of  fluid  back  towards  the  wall 


r  ' 
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Figure  5;  Velocity  vectors  in  y-*-plane  for  »)  3rd  b)  4th  c)  5th  eigenfunction  of  velocity  field  it  i=442mm 


■) 


(4th  eigenfunction)  follows.  This  cycle  is  repeated 
during  the  second  spike  in  an  only  slightly  modified 
fashion. 

It  has  to  be  noted  that  the  processes  described 
above  ate  taking  place  within  a  flow  field  that  is 
already  disturbed  by  the  flows  that  are  represented 
by  the  eigenfunctions  1  and  2.  Thus  it  would  have 
been  difficult  to  get  a  clear  picture  of  what  happens 
during  a  spike  by  just  looking  at  the  instantaneous 
fields  of  the  complete  flow.. 

Finally  we  would  like  to  draw  attention  to  the 
striking  similarity  of  the  events  during  a  spike 
as  described  above  to  the  characterisations  of  the 
‘bursting-event’  that  can  be  found  in  the  litera¬ 
ture  [4,11]'  The  fluid  motions  that  are  being  de¬ 
scribed  by  the  third  eigenfunction  correspond  to 
the  descriptions  given  of  the  ‘ejection-phase’  of  the 
bursting  event,  and  the  ones  described  by  the  fourth 
eigenfunction  are  very  similar  to  what  is  reported 
on  the  ‘sweep-phase’  of  the  bursting  phenomenon. 


4  Three-Dimensional 
Structures 

In  Fig.  6  we  show  a  plot  of  the  time  behaviour  of 
the  coefficient  Ci(<)  of  an  expansion  of  the  2D  veloc¬ 
ity  flow  fields  within  planes  normal  to  the  flow  at 
different  streamwise  locations.  Although  the  two- 
dimensional  structures  have  been  calculated  inde¬ 
pendently  at  the  different  positions  there  is  ob¬ 
viously  a  coherence  of  the  behaviour  of  the  2D- 
structures  in  the  streamwise  direction  as  well.  The 
Ci-coefficient  appeals  to  be  a  simple  wave  trav¬ 
elling  in  the  streamwise  direction.  This  obser¬ 
vation  suggests  that  the  structures  found  within 
the  cross-stream  planes  are  due  to  the  passage 


Figure  6:  Coefficient  (i(()  of  velocity  decomposition  at 
ditferent  streamwise  locations 


Ai  =4.1  10-^ 

1  As  =  4.5  •  10-*  i 

As  =  8.2  ■10-*' 

Aj  =  3.9  •  10-^ 

O 

II 

Ae  =  8.0'10-^ 

Table  1:  Eigenvalues  of  three-dimensional  POD 


of  three-dimensional  coherent  structures.  To  find 
these  structures,  we  solved  Eq.  (4)  for  the  three- 
dimensional  velocity  field  within  different  regions 
of  the  domain  coveted  by  our  data.  In  the  follow¬ 
ing  we  will  show  some  results  for  a  region  start¬ 
ing  at  x=369mm,  being  69  mm  long,  8.1mm  high 
and  24.5  mm  wide.  In  Table  1  the  first  six  of  the 
eigenvalues  of  (4)  are  given.  What  is  noticeable 
about  these  eigenvalues  is  that  they  occur  in  pairs 
of  almost  equal  value.  Looking  at  the  eigenfunc¬ 
tions  of  such  a  pair  one  finds  that  these  ace  ap¬ 
proximately  two  realisations  of  the  same  structure 
that  ate  phase  shifted  in  the  z-direction.  Also,  the 
coefficients  ((f)  of  an  expansion  of  the  flow  field 
into  such  pairs  of  functions  are  analogously  phase 


I 
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Figure  7;  First  3D  coherent  structure  between 
z=369mm  and  z=438mm.  Shown  is  a  contour  sur¬ 
face  of  the  u-velocity  component. 

shifted  m  time.  This  behaviour  is  a  consequence 
of  the  convective  character  of  the  spatially  develop¬ 
ing  boundary  layer.  If  coherent  structures  exist  in 
such  a  flow,  these  are  transported  downstream,  ad- 
-'itionally  being  deformed  as  they  move  From  the 
pairs  of  eigenfunctions  the  POD  yields,  the  actual 
coherent  structure  can  be  reconstructed  at  any  in¬ 
stant  by  multiplying  the  eigenfunctions  of  a  pair  by 
their  corresponding  coefficient  ^  and  adding  them. 
Thus  such  a  pair  of  eigenfunctions  does  not  only 
contain  complete  information  about  the  shape  of 
the  coherent  structure  but  also  shows  the  evolu¬ 
tion  such  a  structure  undergoes  while  moving  down¬ 
stream.  An  example  of  such  a  coherent  structure  as 
calculated  by  the  POD  is  shown  in  Fig.  7.  This 
structure  clearly  shows  the  shape  of  the  well-known 
lambda-vortex  demonstrating  that  the  POD  indeed 
can  yield  the  coherent  structures  that  have  been 
identified  in  the  experiment. 

5  Conclusions 

In  this  paper  we  have  shown  that  the  POD  can 
be  employed  as  a  useful  tool  to  organise  the  infor¬ 
mation  present  in  complex  flow  fields.  From  the 
eigenvalues  of  this  decomposition  the  evolution  of 
complexity  in  a  transitional  flow  can  be  deduced 
and  the  eigenfunctions  show  the  spatial  structures 
present  in  the  flow.  Phenomena  like  internal  in- 
termittency  and  ‘bursting’-like  processes  are  cap¬ 
tured  in  an  intuitively  satisfying  way  by  a  repre¬ 
sentation  of  the  flow  field  using  Karhunen-Loeve 
eigenfunctions.  Our  investigations  show  a  similarity 
between  transitional  structures  and  those  found  in 
fully  developed  turbulent  flows.  The  detailed  analo¬ 
gies  between  the  two  suggest  corresponding  simi¬ 
larities  in  the  underlying  mechanisms.  The  three- 
dimensional  structures  calculated  by  the  POD  lue 
similar  to  experimentally  observed  ones,  like  the 
‘lambda-vortex’..  These  structures  are  represented 
by  the  POD  as  a  pair  of  eigenfunctions  that  shows 
the  structure  of  the  corresponding  ‘characteristic 


eddy’  as  well  as  its  spatial  evolution. 

It  can  be  easily  shown  [12]  that  the  three- 
dimensional  structures  of  the  POD  constitute  a 
complete  set  of  orthogonal  eigenfunctions  each  of 
which  satisfies  all  of  the  boundary  conditions  of  the 
problem.  In  the  case  of  incompressible  flow,  each 
of  the  eigenfunctions  represents  a  solenoidal  vec¬ 
tor  field  satisfying  the  continuity  equation  As  a 
next  step,  we  have  therefore  started  to  construct 
a  low-dimensional  model  of  our  flow  via  Galerkin- 
projection  of  the  Navier-Stokes  equations.  This  way 
we  hope  to  be  able  to  find  out  to  what  extent  the 
ideas  of  deterministic  chaos  are  relevant  to  the  flow 
phenomena  at  the  onset  of  turbulence  in  the  fiat- 
plate  boundary  layer. 
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ABSTRACT 

The  goal  of  the  study  is  to  analyze  the  effects  of  slot 
suction  on  a  turbulent  boundary  layer  and  the 
relaxation  of  the  flow  downstream  of  the  slots 

The  present  study  is  also  devoted  to  the  understanding 
of  the  bursting  phenomenon  occurring  in  a  boundary 
layer  the  turbulence  of  which  is  manipulated  by 
localised  suction 

Two  experiments  are  presented  One  of  them,  in  a 
water  tunnel,  is  concerned  with  visualisations  and 
measurements  of  mainly  mean  velocity  with  laser 
Doppler  anemometry  The  other  one  is  carried  out  in  a 
wind  tunnel,  by  means  of  hot  wire  anemometry.  with 
one  or  several  slots,  in  order  to  mostly  determine  the 
influence  of  suction  on  velocity  fluctuations  and  their 
correlation  A  spectral  analysis  has  also  been  made. 

In  order  to  educe  the  general  effect  of  suction  on  the 
coherent  structures,  a  conditional  analysis  has  been 
performed. 

1  INTRODUCTION 

The  effectiveness  of  various  devices  for  turbulence 
control  in  wall  flows  has  motivated  many  studies  over 
the  last  years  (Bushnell  and  McGinley.  (1989)).  m 
particular  for  applications  in  aeronautics,  with  the  view 
of  reducing  the  drag  of  the  aircraft 

If  the  Reynolds  number  is  large,  so  that  the  boundary 
layer  is  turbulent,  we  have  to  interfere  on  the  structure 
of  the  turbulence 

Among  the  various  devices  used  m  this  way  nbteis 
or  lebus  are  mainly  attractive  because  of  their  a  ility  in 
reducing  drag  when  the  flow  is  turbulent 

The  intrusion  of  such  devices  in  the  boundary  layer 
contributes  to  the  modification  of  the  structure  of  the 
turbulence  in  the  inner  or  outer  part  of  it.  So.  the 
natural  interaction  between  these  two  regions  is 
modified  and  consequently  the  exchange  and  production 
phenomena  of  turbulent  energy  are  affected 

A  local  suction  applied  on  a  turbulent  boundary 
layer,  not  with  the  view  of  resorbing  it.  but  of 
modifying  its  structure,  deserves  to  be  analysed. 

Moreover,  suction  seems  mostly  active  for  delaying 
transition  (laminar  flow  control)  or  for  attempting  at 
avoiding  the  development  of  parasitic  vortices. 

In  the  case  of  a  swept  wing,  for  instance,  the 
boundary  layer  which  develops  on  the  fuselage 
contaminates  the  wing  leading  edge  turbulent  spots 
are  created  and  their  spreading  along  the  swept  wing  i$ 
such  that  the  boundary  layer  on  it  is  turbulent  from  the 
leading  edge it  seems  that  sucking  the  fuselage  wall 
flow  through  a  slot  may  be  a  way  to  reduce  this 
shortcoming. 

The  effects  of  a  localised  suction  on  a  boundary*  layer 
developing  on  a  flat  plate  are  investigated  in  the 
present  experimental  study. 

The  effects  of  suctioi  have  been  studied  on  the  mean 
and  turbulent  velocity  fields,  on  the  turbulent  kinetic 
energy  production  and  on  the  spectral  distribution  of 
energy 

Finally,  a  conditional  analysis  is  performed  wiib  the 
view  of  educing  the  general  effect  of  suction  on  the 


coherent  structures  in  the  inner  region  of  the 
boundary  layer 


11  PRELIMINARY  STUDY 

A  preliminary  study  has  been  earned  out  in  the  IMST 
water  tunnel  (20  x  20  x  120  cm^),  in  order  to  perform 
visualisations  and  measurements  of  mainly  the 
longitudinal  mean  velocity,-  with  lascr-Doppler 
anemometry.  A  metallic  plate  made  of  specially  treated 
stainless  steel  has  been  installed  in  one  of  the  vertical 
walls  of  the  tunnel,  within  which  a  I  5  mm  wide  slot, 
spanning  120  mm  and  inclined  at  45^  relative  to  the 
mean  flow  direction,  has  been  cut 

Visualisations  showed  that  when  the  slot  is  orientated 
in  the  same  way  as  the  flow,  the  boundary  layer  is 
disturbed  even  with  no  suction  (scheme  (a))  ;>  so,  the 
slot  has  been  positioned  so  that  the  suction  occurs  in  the 
opposite  direction  of  the  flow  (scheme  (b)) 

Ue  ,  .  Ue 


At  the  station  where  the  slot  is  located,  the  fully 
developed  turbulent  boundary  layer  (tripped  by  three- 
dimensional  roughness  elements)  is  such  that  its 
thickness  8  is  about  4  cm  when  the  freesiream  velocity 
Uc  IS  15  5cms'*  the  Reynolds  number  R©  based  on  the 
momentum  thickness,  is  about  600  The  most  commonly 
used  suction  rate  A  =-Vp/Ue  (defined  as  the  ratio  of 
suction  velocity  to  the  freestream  velocity)  is  0.23. 

The  influence  of  suction  on  mean  longitudinal 
velocity  profiles  has  been  investigated  in  the  water 
tunnel  with  LDA.  This  allows  us  to  perform 
measurements  In  the  wall  vicinity  (y'*’  =  yu*/v  -  2,  for 
A  =  0.  u*  being  the  friction  velocity)  without  any  wall 
correction.  The  skin  friction  values  are  inferred  from 
the  slopes  of  velocity  profiles  at  the  wall.  Figure  1  gives 
an  example  of  distributions  obtained  with  and  withou' 
suction  at  the  distance  X^IOmm  (0  45)  from  the  slot 
With  no  suction,  the  standard  law  of  the  wall  is  obtained 
It  must  be  noticed  that  the  wake  region  is  practically 
non-existent  and  the  logarithmic  law  is  limited  to  a 
narrow  range  of  since  the  Reynolds  number  is  small. 

With  suction,  an  effect  similar  to  that  obtained  over  a 
porous  wall  is  observed  in  the  region  corresponoing  to 
the  logarithmic  law  of  the  velocity  profile  with  no 
suction.  But  this  effect  is  of  course  not  similar  to  that 
obtained  with  the  suction  rate  A.  estimated  from  the 
actual  suction  velocity  Vp  through  the  slot,  but  with  a 

Itctive  suction  rate  A  much  lower  than  A  We  have 

calculated  this  suction  rate  A  »  •-  Vp/Uc  -where  Vp  is 
the  equivalent  suction  velocity  that  would  be  applied 
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through  a  porous  wall-  fitting  a  pseudo-velocity  law  tn 
the  wall  region  (Vcrollct  ct  al(1977)) 

“[l  -  (  1  -  A+U+)^^^]  =  uJ  =  5.75  1ggy+  +  5  24 
A+ 

A'^s-Vp/u*  IS  the  equivalent  suction  rate  relattve  to 
the  wall  friction  velocity  .•  U'*’  =  U/u*  is  the  mean 

+  ♦ 

velocity  relative  to  u*  with  suction  and  Uq  =  U/uq 

without  suction  From  fig  1,  one  gets  the  equivalent 

suction  rate  A'^&0  058.  which  is  much  lower  than  that 
actually  applied  through  the  slot  A*^  s  3.2.  As  far  as  the 
viscous  sublayer  is  concerned,  it  seems  the  law  =  y*^ 
is  still  valid,  but  with  a  friction  velocity  (u*si09ms‘ 
M  larger  than  the  one  (uQ  =  0  86  ms*l)  corresponding 

to  the  case  wii!«out  suction. 

A  similar  study  has  been  performed  further 
downstream  of  the  slot  (X  =  75  mm  -  2,78)  An  effect  on 
the  mean  velocity  profile  is  still  noticeable  and  quite 
important  over  the  boundary  layer  however,  close  to 
the  wall,  there  is  almost  no  modificatioi.  due  to  suction 

The  aim  of  this  preliminary  study  was  pamcularly  to 
assess  the  effect  of  the  width  and  orientation  of  the  slot, 
with  and  without  suction,  on  the  flow. 

The  influence  of  suction  on  mean  and  turbulent 
velocities  fields  has  been  mostly  investigated  in  a  CERT 
wino  tunnel 


Fig.  1  •.  Influence  uf  suction  on  the  mean 
velocity  in  the  water  iincl  (X=U,4  h;-  I  slot) 


III  EXPERIMENTAL  SET-UP  AND  MEASURING 
TECHNIQUES 

The  most  detailed  study  which  includes  the  use  of 
several  slots,  has  been  performed  in  a  ElFFFL-type  wind 
tunnel  (30  x  40  x  120  cm^)  the  experimental  set-up 
is  given  flgure  2.  On  the  test  section  floor,  a  1  mm  wide 
slot,  spanning  200  mm  and  inclined  at  45*^  relative  to 
the  mean  flow  direction,  (as  required  from  the 
preliminary  study)  has  been  located.  The  experimental 
device  allows  that  2  or  3  slots  are  added  upstream  of  the 
previous  one  in  such  a  way  (hat  the  distance  between 
the  last  slot  and  a  fixed  measurement  station  remains 
constant  whatever  the  number  of  slots.'  The  suction  rate 
is  precisely  adjusted  with  the  help  of  1  sonic  flow-meter 

Measurements  are  mainly  carried  out  with  one  single 
slot,  but  also  with  three  or  four  slots the  streamwise 
spacing  between  two  consecutive  slots  is  115  mm 
(->  0.588).  The  boundary  layer  which  develops  on  the  test 
section  floor  is  fully  turbulent  in  the  area  where  slots 
arc  located.'  U©  =  20ms'*,  8  -  2  cm.  Rg  -  3  500. 

The  boundary  layer  has  been  probed  at  various  X-: 
stations  downstream  of  the  slots  using  hot-wire  constant 
temperature  anemometry. 


t: 


I 

I  lurtlnn 


itfi  <«clton  floor 


■-T' 


flow  meter 


Fig  2  -'  Experimental  set-up 


IV  EXPERIMENTAL  RESULTS 

IV  1  Selection  of  (he  suction  mode 

Figures  shows,  at  the  distance  XsiOmm  (0  58)' 
downstream  of  the  slot,  the  evolution  of  u"^  (u"**  being 

the  ratio  of  the  standard  deviation  u'^  of  streamwise 

* 

velocity  fluctuation  u’  to  the  friction  velocity  Uq  without 


suction'-  u'^  =  "V  u’^/uq)  in  the  vicinity  of  the  wall  for 
various  suction  rates. 

One  can  notice  (at  the  measurement  station  near  the 
slot)  that  a  quasi  asymptotic  state  is  reached  ouite 
quickly,  in  spite  of  an  increasing  suction  rate. 

Beyond  a  suction  rate  A  s  0  7,  the  wall  suction  does 
not  play  an  important  role  on  the  turbulence  any 
longer 

At  the  farthest  measurement  station  (X  «  58).  the  u"^ 
profiles  superimpose  each  other  for  distances  y*^  to  the 
wall  below  100 

$0,  in  the  present  experiment,  the  suction  rate  which 
was  chosen  is  0.70,  corresponding  to  a  suction  velocity 
through  the  slot  of  14  ms’*  and  a  freestream  velocity  of 
20  ms’*. 

Close  to  the  wall  -at  y**  »  15-,  where  the  maximum  of 
turbulence  production  is  roughly  located,  it  is  shown 
(figure  4)  that  with  respect  to  the  station  upstream  of 
the  slot  (X  =  '  0  256)  corresponding  to  the  no  suction 
case,  u''*'  is  decreasing  with  X  in  the  close  vicinity  of  the 
slot  (up  to  values  of  X  s  0.58)  and  then  increasing  to 
values  larger  than  that  obtained  without  suction. 

This  evolution  of  the  longitudinal  turbulent 
fluctuation  velocity  considered  close  to  the  wall,  at  a 
constant  value  of  (y*  s  15.  for  example)  and  relating 
to  various  X  measurements  in  the  vicinity  of  the  slot, 
reflects  the  fact  that,  in  this  area,  the  shear  stress  is 
very  important,  due  to  the  suction  effect,  and  the 
phenomenon  of  turbulent  energy  production  is 
probably  modified,  being  constantly  renewed 

Due  to  the  turbulence  relaxation  effect  which  seems 
to  occur  at  a  distance  8/2  downstream  of  the  slot,  the 
experimeoul  device  has  been  modified  several  slots 
have  been  located  on  the  test  section  wall,  the  spacing  of 
which  being  adjustable. 

In  configuration  with  several  slots,  the  suction  rate 
As 0.7  is  applied  to  each  slot  so  that  the  quantity  of  flow 
sucked  up  through  3  slots  for  example,  is  three  times 
greater  than  the  one  corresponding  to  one  slot. 

Then,  experiments  have  been  performed  for  various 
coufiguraliviis  obtained  m  varying  the  number  of  slots 
tod  ibeir  spacing ;;  the  influence  of  these  two 
parameters  on  the  turbulence  especially  has  been 
widely  investigated. 

Owing  to  the  behaviour  of  u”^,  tn  the  vicinity  of  the 
slot  (X< 0.756)  depicted  on  figured,  the  slots  have  been, 
at  first,  fitted  on  the  wall  with  a  spacing  of  order  8/2. 
However,  this  configuration  is  not  the  one  providing 
the  most  significant  results. 
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Fig.  3  .  Influence  of  suction  on  turbulence  “I  ’  Long.tudinal  evolut.on  of  near  wall 

(x=.S8  ;  1  slot)  turbulence  (A-.7  1  slot) 


Fig.  5  •  Longitudinal  mean  velocity  profiles 


In  fact,  suction  effects  are  more  sensitive  when  the 
experimental  device  is  fitted  with  3  slots,  the  distance 
between  each  one  being  about  I  7S. 

We  present  in  this  paper  a  comparison  of  results 
inferred  from  experimental  configurations  with 
suction,  by  means  of  1  or  3  slots,  and  those  from  the 
reference  configuration  (that  is  to  say  without  suction) 

IV  2  Influence  of  suction  on  the  longitudinal 
mean  velocity 

Figure  5  shows  the  evolution  of  the  longitudinal 
component  of  the  mean  velocity  when  1  or  3  slots  are 
respectively  working  and  when  no  suction  is  applied. 

It  can  be  noted  that  suction  increases  notably  the 
mean  velocity  in  the  inner  region  of  the  boundary 
layer 

The  velocity  profile  relating  to  3  slots  is  more 
affected  by  auction  than  the  other  one  where  suction  is 
active  through  one  slot  only 

Moreover,  the  spreading  of  Oie  disturbed  area  m  the 
boundary  layer  is  noticed  when  the  dlxunrr 
downstream  of  the  slot  (or  of  the  last  slot)  increases 

At  the  last  measurement  station  (X  s  58),  the  suction 
effect  (when  the  experimental  set-up  is  fitted  with 
3  slots)  is  still  very  pronounced 


inner  wall  region.'  the  quantity  u’v'/Ug,  the  value  of 
which  allains  about  1  8  10'^  when  there  is  no  suction  (3 
10'^  corresponding  approximately  to  the  skin  friction 
coefficient  deduced  from  the  logarithmic  law  of  the 

velocity  profile),  decreases  dramatical!;  and  has  a  local 
minimum  below  5  10*^,.  at  the  first  measurement  station 
when  sucUon  is  applied 

At  the  downstream  measurement  stations,  m  the 

inner  wall  region  u'v'  recovers  quickly  its  level 

without  suction  Then,  there  is  a  spreading  of  the  area 
where  u'v'  is  disturbed  by  suction  (O.OS<y/5<0  3  for 
X  =  18  -  Fig  6)  and  then  disturbances  reach  all  the 
boundary  layer  thickness.  As  a  matter  of  fact,  the 
disturbance  on  the  u'v’  profile  first  appears  in  the 

inner  wall  region  and  propagates  in  the  whole  inner 

region  of  the  boundary  layer after  that,  the 

propagation  attains  the  outer  part  of  the  boundary 
layer. 

In  a  general  way,  it  appears  that  the  evolution  oi 
u'v' with  suction  is  similar  to  longitudinal  or 

transverse  fluctuation  velocity  one  However  the 

behaviour  of  the  correlation  coefficient  (with _ action) 


Prod(k)  _  _  ^ 


X  =  1  6 


!S 

ji  X  =  25d 
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Fig.  6  •  Kffecl  of  suction  on  u'v' 


IV  4  u'v*'  and  k  production 


Figure  8  gives  the  turbulent  kinetic  production  at  the 
measurement  station  located  one  boundary  layer 
thickness  behind  the  last  slot. 

In  the  inner  part  of  the  boundary  layer,  the 
production  of  turbulent  kinetic  energy  is  strongly 
reduced  (being  approximately  zero  above  y/6  eO.l) 
with  suction.  In  the  inner  wail  region  (y/5  <  0  05),  the 
production  of  k  docs  not  seem  to  be  distuited  by  suction 
This  is  not  an  unexpected  result,  reminding  u'v'  and 
mean  velocity  behaviours  (previously  depicted)  with 
suction 

The  rms  value  v'2  of  the  transverse  fluciuation 


velocity  associMed  to  the  mean  derivative  ^  is  the  main 
term  m  the  expression  of  u'v'  production 


Fig.  7  •'  Correlation  coefficient  (X=l$) 


Fig.  8  •  Turbulent  kinetic  energy 
production  (X^IS) 


The  evolution  of  u'v'  production  (Pn'v’  =  u'^  ^  + 
_  ox 

v’^  across  the  boundaiy  layer  is  similar  to  the  k 

production  one 

It  can  be  mentioned  that,  even  with  suction,  the 
production  of  k  and  the  production  of  u'v'  behave  in 
the  same  way  and  have  the  same  order  of  magnitude. 

IV  5  Spectral  analysis 


A  specie  1  analysis,  at  one  measurement  station,  has 
been  maue  in  order  to  establish  the  frequency 
distribution  of  the  two  fluctuation  velocities  u’  and  v' 
submitted  to  the  suction  effect  ,  figure  9  gives  th:; 
normalized  spectra  of  u'  and  v’  (in  a  fF(f) 
representation)  at  the  measurement  station  located  one 
boundary  layer  thickness  downstream  of  the  last  slot. 

On  the  u’  as  well  as  on  the  v  fluctuation,  suction 
seems  to  have  virtually  no  effect  on  their  frequency 

distribution  in  spile  of  an  important  variation  of 


'^:mm 
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Fig  9  •'  Streamwise  and  transverse 
fluctuations  spectra  (X=15  ;;  >=.05$) 


This  result  is  fundamenully  different  from  that 
obtained  with  a  porous  wall  where  spectra  are  clearly 
shifted  towards  low  frequencies  (Ref  6) 


IV  6  Conditional  analysis 

In  order  to  cducc  the  general  effect  of  suction  on  the 
coherent  structures  of  the  boundary  layer,  the  quadrant 
method  as  advocated  by  Boggard  and  Tiedermann  (Ref 
3).  Alfrcdson  and  Johanson  (Ref  1).  has  been  applied  to 
analyse  the  u'  and  v'  fluciuations 

It  can  be  briefly  reminded  the  mechanism  occurring 

in  a  boundary  layer  and  giving  rise  to  the  turbulence 
phen''menon  According  to  the  scheme  given  by  Kline 

ct  al  (Ref.  8).  thin  strips  of  flow  develop  in  the  inner 
region  of  the  boundary  layer  (y'*’  <  40)  ;>  strips,  the 
velocity  of  which  is  lower,  nse  towards  the  outer  part  of 
the  boundary  layer  .•  then,  it  can  be  observed  a  strong 

oscillation  leading  to  the  breakdown  of  the  structure  ,> 
correlaiively  high  velocity  flow  from  the  outer  part  of 
the  boundary  layer  moves  towards  the  wall  and  ’’sweeps" 
it 

The  occurrence  on  the  boundary  layer  successively 
composed  of  rising  .  ejection  and  breakdown  is  called 

"bursting"  this  phenomenon  schematically  depicted  is 
the  main  responsible  of  turbulence  production  in  the 
boundary  layer 


The  cO'Spectra  fE(f)  of  the  quantity 
u'v' ( JfEff)  df  =  Ruv)  arc  given  on  figure  10 

Thes*  co-spectra  confirm  the  strong  reduction  of  the 
correlation  coefficient  (as  previously  mentioned)  when 
the  boundary  layer  is  disturbed  by  suction 

From  spectral  density  information,  it  could  be 
deduced  the  coherence  function  related  to  u'  and  v’ 
fluctuations  (figure  11) 

The  loss  of  coherence  at  t.  i  lower  frequencies  (when 
suction  IS  working),  nrobably  reflects  the  fact  that 
bigger  structures  in  the  boundary  layer  are  essentially 
affected  by  suction  ,<  so.  the  strong  decorrelation 
between  the  two  fluctuating  components  of  the  velocity 
IS  clearly  pointed  out. 


Fig.  10  A  u'v'  co’spectra  (X=15  y=,05o) 


.  40 


Fig.  11  •  Coherence  function 


The  aim  of  the  quadrant  method  is  to  assign  to  various 


quadrants  the  instantaneous 


and 


fluctuations 


according  to  iheir 

Sign. 

'''  u'-o 

(ii) 

v'>o 

(1)  +  + 

_ (in) 

(IV) 

Boggard  and  Tiedermann  showed  that  quadrant 
technique  was  the  most  effective  detector  of  ejections 
occurring  in  the  second-quadrant  u'v'  where  u'  is 
negative  and  v’  positive 

We  present,  in  this  paper,  results  relating  to  only  one 
measurement  station  (X  s  la,  y/a  ^  Q  05).  this 
conditional  investigation  being  in  progress. 

The  following  data  table  gives  an  example  of  the 
measured  values  of  the  correlation  u’v'  normalized 

with  the  total  r.m.s.  values  u'^  tnd  “sj  v’2  affected  to 

the  corresponding  quadrant  the  percentage  in  lime  of 
u’v’  contribution  in  each  quadrant  is  also  given  with 
and  without  suction 


f - 

I  X  *  J6  Y>.0056 


A 

U  V  ♦ 

T 

U  V- 

T 

u  ♦v' 

T* 

0 

0  07 

>9 

031 

3  1 

0  07 

IS 

-  0  22 

32 

0  7 

0  14 

0  22 

25 

0  |4 

25 

0  14 

23 

For  example,  u”*'v"*’  represents  the  correlation  of  the 
velocity  fluctuations  relating  to  quadrant  (I) ,  T*** 
represents  the  percentage  in  time  of  u'’‘’v’+ 
contrihiition  to  the  quadrant  (I),  i  e  the  ratio  of  the 
occurrence  lime  of  u"*'v"^  to  the  total  time. 

It  can  be  noted  that  the  contributions  to  the 
correlation  coefficient  Ryv  *re  significantly  modified 
by  suction  :•  the  decrease  of  |Ruv|  is  due  to  both  a 
reduction  of  contribution  from  quadrants  (II)  and  (IV) 
and  an  increase  of  (hose  from  quadrants  (I)  and  (III)  ;< 
the  least  affected  quadrant  is  quadrant  (II) 


s 
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corresponding  to  ejection  a  similar  trend  as  observed 
for  the  distribution  of  occupation  time  Without  suction, 
contributions  from  quadrant  (il)  and  (IV) 
corresponding  to  ejection  and  sweep  motion 
respectively,  arc  practically  equal  and  significantly 
larger  thsi  those  from  quadrants  (I)  and  (til)  •  this  is 
underlining  the  organisation  of  the  flow  On  the  other 
hand,  with  suction,  the  occupation  limes  relative  to  the 
four  quadrants  are  equal,  suggesting  that  organized 
motions  arc  strongly  affected,  resulting  in  the 
attenuation  of  their  contribution  to  the  flow  dynamics 

The  iso'probabilitv  curves  with  suction  arc 

symmetric  with  regards  to  a  (a  =  u'/V  u'2 ,)'  and  p 

(P  =  v’/V  )  confirming  the  cqui*dtstribution  of 
occupation  time  in  all  quadrants 

The  correlation  coefficient  ran  be  expressed  from  the 
joint  probability  density  function  P(a.p)  associated  with 
the  pair  of  random  variables  a  and  P 


Figure  12  shows  the  iso-contours  of  ap  P(a.  p) 
revciaing  the  contribution  to  the  correlation  coefficient 
from  each  of  the  four  quadrants it  clearly  shows  the 
decrease  of  the  covariance  terra  Ryv  that  results  mainly 
from  the  attenuation  of  quadrants  (II)  and  (IV)  and  the 
enhancement  of  the  quadrants  (I)  and  (III) 


In  fact,  disturbances  generated  by  suction,  on  the 
Reynolds  stress  tensor  components,  first  appear  tn  the 
inner  wall  region  of  the  boundary  layer  .•  quickly,  the 
whole  inner  region  is  concerned  by  suction  effects 
after  that,  the  propagation  attains  the  outer  part  of  the 
boundary  layer 

However,  in  the  inner  wall  region,  the  Reynolds 
stress  tensor  components  u’^  ,  v'2  and  u’v’  affected 
by  suction  (tn  the  vinniiy  of  the  suction  area)  recover 
quite  rapidly,  one  half  boundary  layer  thickness 
downstream  the  slot,  their  level  without  suction 

A  spectra!  analysis  has  revealed  that  the  frequency 
distnbution  of  u*  and  v'  fluctuations  did  not  seem  to  be 
disturbed  by  suction  as  it  occurred  in  the  case  of  a 
porous  wall  The  co-spectrum  ut  u'v'  has  confinned  the 
strong  reduction  of  the  correlation  coefficient  whereas 
coherence  investigation  pointed  out  the  strong 
decorrelation  between  the  two  fluciualing  components 
of  the  velocity  and  the  main  effect  of  suction  on  the 
bigger  structures  inside  the  boundary  layer 

A  conditional  analysis  by  means  of  a  quadrant  method 
has  been  undertaken  From  the  first  results,  (this 
analysis  being  in  progress),  it  could  be  observed  that 
the  occurrence  time  of  u'V'  in  each  quadrant  is 
Mrongly  disordered  by  suction  in  the  inner  wall  region 
This  conditional  analysis  will  probably  allow  us  to 
better  understand  'he  suction  effect  on  the  boundary 
layer  structure  close  and  far  from  the  section  area  In 
particular,  conditional  information  wit)  allow  us  to 
analyse  effect  of  suction  on  the  bursting  phenomenon. 


Fig.  12  •  Contribution  of  the  correlation 
cocflicicnt  in  the  four  quadrants 


CONCLUSION 


Finally  a  space  time  correlation  analysis  of  the  u'  and 
V'  fluctuation  at  various  y*locaiions  in  the  boundary 
layer  would  allow  us  to  clearly  define  if  the  outer  part  of 
the  boundary  layer  is  submitted  to  suction  effects  in  the 
same  way  as  the  inner  one  propagation  of 
disturbances  from  the  latter  region  to  the  former  one 
would  then  be  detected  and  analysed 
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ABSTRACT 

The  effect  of  triangular  riblets  on  a  turbulent  boundary 
layer  is  Investigated  both  experimentally  and 
numerically.  Measurements  are  performed  In  o  water 
tunnel  with  laser-Doppler  velocimetry  extending  within 
the  grooves'  mean  values  and  Reynolds  stresses 
relative  to  the  longitudinal  and  spanwise  velocity 
components  are  presented  Numerical  predictions, 
assuming  that  the  mean  spanwise  velocity  Is  zero,  are 
developed  with  a  mixing  length  model. 


INTRODUCTION 

It  has  now  been  widely  demonstrated  that  turbulent 
s'!in  friction  drag  con  be  reduced,  by  about  6-8  % 
under  a  variety  of  flow  conditions,  with  a  modifled  wall 
geometry  in  the  torn,  of  continuous  uniform  U-  or  V- 
proflie  longitudinal  surface  grooves  or  riblets. 

Extensive  experimental  studies  (Bushnell  (1985). 
Coustols  (1989).  Squire  and  Savin  (1987).  Walsh  and 
Lindemann  (1984))  have  been  concerned  with  drag 
estimates  from  global  measurements  In  ordet  to 
determine  the  most  effective  riblet  geometry  and 
dimensions  under  various  flow  conditions.  Triangular 
grooves  with  h*  -  15  and  h*  <  i*  <  Sh*  (where  h 
denotes  the  rib  height,  s  the  spacing  between  two 
adiacent  grooves,  and  h*  =  hu'/v.  with  u'  the  friction 
velocity  and  v  the  kinematic  viscosity)  ore  effectivo  for 
both  low-speed  and  transsonic  flows  From  more 
detailed  measurements.  Choi  (1989)  has  shown  thot 
the  restriction  of  spanwise  movement  of  the 
longitudinal  vortices  Is  a  prime  mechanism  for  the 
turbulent  drag  reduction.  Nevertheless,  the  Influence 
of  riblets  on  the  bursting  process  seems  quite  weak 
and  results  from  various  authors  relative  to  the 
variation  of  the  burst  frequency  are  conflicting  Thus, 
the  physical  mechanism  responsible  for  the  turbulent 
flow  stabilisation  Is  still  quite  unclear  and  not  sufficient 
for  providing  strong  enough  guidelines  for  the 
development  of  accurate  modellsatlons  Recent 
studies  by  Djenidl  et  al.  (1989)  and  Llandrat  et  ol. 
(1990)  have  shown  from  a  combined  experimental 
and  numerical  Investigation  of  a  laminar  boundary 
loyer  over  riblets  that  viscous  effects  are  very 
important  in  drag  reduction.  In  particular,  the  velocity 
field  reorganisation  within  a  rib  Is  such  that  the 
boiance  between  the  Increase  of  wall  velocity 
gradients  in  the  crest  vicinity  and  their  strong 
reduction  within  the  groove  with  respect  to  the 
gradient  over  a  flot  plate  Is  compensating  the  very 
large  wetted  area  enhancement  (  mote  than  100  % 
for  V-grooves  with  s  «  h  )  a  weak  drog  reduction  of 


about  2  %  can  even  be  obtolned. 

Spotlally  resolved  velocity  measurements  In  the  close 
vicinity  of  d  ribbed  wan  are  quite  ditflcult  owing  to  the 
tiny  size  of  riblets  suitable  for  wind-tunnel  Investlgatln^is 
so  thi3t  very  few  data  are  available.  Hooshmand  et 
al.  (1983)  hove  found  that  the  mean  streamwise 
velocity  over  the  crest  plane  varies  periodically  In  the 
spanwise  dtrectlon  with  the  wavelength  of  the  riblets, 
and  that  this  periodicity  almost  completely  dsappears 
at  Z*'  •  13  ( y  Is  the  normal  to  the  wall  distance  relative 
to  the  crest  plane  ).  Nevertheless,  when  the  overall 
mean  velocity  proflie  Is  plotted  logarithmically,  several 
authors  have  found  on  upward  shift  suggesting  an 
Increase  of  viscous  sublayer  thickness  similar  to  drag- 
reducing  polymers.  TNs  result  Is  clearly  evidenced  by 
the  visuaiisattons  of  Clark  (1990).  ft  Is  also  similar  to  the 
shift  of  the  velocity  proflie  origin  towards  a  location 
that  lies  somewhat  below  the  tips  of  the  ridges 
Indicated  by  the  calculations  of  Bechert  and 
Bortenwerter  0989)  and  named  •pfotruslcn  height' 

As  for  as  we  know,  the  only  qoontitative 
measurements  within  a  large  triangular  groove  are 
those  by  Vukoslavcevic  et  al.  (1987).  They  measured 
the  mean  U  and  fluctuating  u  streamwise  velocity  field 
with  the  hot  wire  anemometry  technique  :  the  locol 
wall  shear  stress  varies  greatly  In  the  spanwise  direction 
and  u‘  ( « ■^?)  Is  nearly  zero  below  the  midpoint  of  the 
groove.  But,  In  particular,  no  Information  Is  given 
about  the  spanwise  mean  W  and  fluctuating  w 
velocities,  which  are  both  of  prime  Importance.  The 
former  one  -  W  -  to  know  whether  the  ossumptlon 
W  »  0  -  which  was  shown  to  bo  valid  for  the  laminar 
case  (Plenid,  1989)  -  can  be  made  In  numerical 
predictions,  and  the  latter  one  -  w  -  to  determine  to 
what  extent  the  flow  Is  stabilized  by  longitudinal 
grooves. 

The  present  paper  Is  concerned  with  experimental 
^tts  relative  to  U,  u'.  W,  W  as  well  as  the  correlation 
uw  extending  within  the  riblets  obtained  by  laser- 
Doppler  anemometry.  Modellsatlons  based  on  the 
concept  of  a  mixing  length,  assuming  that  the 
$pan«^se  mean  velocity  Is  equal  to  zero,  are  also 
performed. 

EXPERIMENTAL  CONDITIONS 

Experiments  are  carried  out  In  the  IMST  water  tunnel 
(20  X  20  X  120  cm^.  On  one  of  the  side  walls  of  the 
vertical  working  section  three  dimensional  roughness 
elements  have  been  placed  In  order  to  trip  the 
boundary  layer  (Antonia  et  al.,  1988),  With  the 
centreline  meon  velocity  U,  about  9  cm/s,  a  fully 
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developed  turbulent  boundary  layer  Is  abtalned  at 
the  downstream  distance  X  «  430mm  from  the  trip 
where  Is  located  the  riblet  wall  (  190  *  280  mm^  )  At 
this  station,  the  friction  velocity  u*  Is  about  0  5  cm/s, 
the  boundory  layer  thickness  8  Is  32  mm  and  tne 
momentum  thickness  Reynolds  number  R  Is  obout  300 
Very  good  agreement  with  the  classic  Van  Driest  law  Is 
obsen/ed  in  the  boundary  layer  Inner  region  and 
especially  In  Ihe  region  very  close  to  the  wall. 
Nevertheless,  the  law  of  the  wall  Is  only  extending  over 
a  quite  narrow  zone  owing  to  the  low  value  of  the 
Reynolds  number,  lii  the  external  zone,  the  wake  law  Is 
almost  nonexisting  since  turbulence  Is  tripped  with 
large  roughnesses  In  addition,  in  the  viscous  sublayer, 
the  distribution  of  u'/u*  Is  the  same  as  that  usually 
obtained  In  larger  Reynolds  number  flows  (see  Antonia 
et  al,.  I988),  However,  further  away  from  the  wall, 
turbulence  Intensities  u7U,  and  v//U,  are  larger  thon 
those  of  natural  boundary  layers  and  their  peaks  are 
located  at  a  greater  distance  from  the  wal  ''  this  Is 
probably  related  to  a  quite  large  outer  turbulence 
level  and  to  the  use  of  quite  big  roughneisus 

Large  triangular  grooves  ( s  •  2h  «  7  mm.  h*  -  15 )  are 
considered  In  order  to  perform  veloctty  measurements 
extending  wtthln  the  riblets  These  riblets  are  machined 
In  d  stainless  steel  plate  and  polished.  Crests  ae  flush 
with  the  upstream  and  downstream  smooth  plates.  All 
measurements  relative  to  the  riblet  wall  are  performed 
at  the  station  X  «  7CX)  mm  •  208  just  before  the  ribbed 
plate  trailing  edge. 

Velocity  components  In  the  streamwise  ond  spanwise 
directions  are  Inferred  from  data  obtained  wtth  a  one 
component  LDA  system  (  He  -  No.  15  mW )  fitted  with 
a  Bragg  cell  and  a  Burst  Spectrum  Analyser.  The 
backscotter  technique  Is  used  and  the  measuring 
volume  Is  0.12  x  1.3  x  0.12  mm*.  At  each  position. 
•Tieas'jrements  ao  performed  for  three  beam 
inclinations  In  order  to  determine  U,  W.  u',  w'  and  TO! 


NUMERICAL  PROCEDURE 

The  numerical  simulations  over  riblets  ore  performed 
using  the  Reynolds  averaged  equations.  The  flow  Is 
ossumod  Incomp'ossiblo  and  statistically  steady.  As  a 
first  stop,  calculations  presented  herein  are  carried  out 
with  the  assumption  that  the  spanwise  moon  velocity 
W  Is  equal  to  zero.  In  the  laminar  regime  we  have 
shown  both  experimentally  and  numerically  (Djonidl  et 
al.,  1987)  that  W  Is  actually  equal  to  zero  even  wItHn 
the  o'ooves  which  Is  In  good  agreement  with  Khan's 
calculations  (1986),  However,  the  latter  numerical 
study  has  also  pointed  out  that,  when  the  flow  Is 
turbulent.  W  differs  from  zero  this  result  seems 
consistent  with  data  (not  presented  heroin)  obtained 
In  our  experimental  study  despite  the  difficulty  of  such 
measurements.  Classical  boundary  layer  approxlmo- 
tlons  are  applied,  and  the  pressure  gradient  term  is 
considered  as  a  prescribed  quantity  (dP/dx  a  0 
herein)  Thus,  the  go.'erning  equations  are  given.,  In 
their  conservative  form ,  by 

a(uu)/ax  +  a(uv)/ay  « -  i/p  dP/dx  +  3(v3u/ay  -TO/ay  + 
a(vau/az-TO)/az  d) 

W  »  0  (2) 

dU/^  +  9V/3y  »  0  (3) 


U=V»0  ot  the  wall, 

U*U,  ct  the  upper  boundary  of  the  calculation 
domain, 

au/Bz  «  av/az  «  O  at  the  lateral  boundaries 

Only  one  groove  is  considered  In  these  numerical 
predictlorts  and  it  Is  thus  assumed  that  the  adjacent 
ribs  do  not  Influence  the  flow  over  this  groove  this 
hypothesis  Is  obviously  valid  Inside  the  riblet  and  In  the 
outer  part  of  the  bcxjndary  layer,  but  It  Is  doubtful  In 
the  vicinity  of  Ihe  crest  plane  TNs  objection  Is  all  the 
more  Justified  since  the  length  scale  X  characteristic  of 
the  spanwise  organization  of  the  near  wall  coherent 
structures  -which  ore  playing  on  Important  role  in  the 
dynamics  of  the  motion  In  this  region-  Is  several  times 
larger  thon  the  rib  spacing  (s*  »  30.  X*  «  100)  and 
since  It  seems  that  the  Influence  of  riblets  on  these 
structures  might  be  signiflcant  (Choi.  1989). 

The  parabolic  feature  of  equation  (1)  Is  amenable  to  a 
fonvard  marching  procerXire  such  as  that  presented 
by  CousteIx  et  al.  (1985).  The  computation  Is  then 
carried  on  step  by  step  In  the  x  direction.  At  each  x 
station,  this  equation  Is  solved  -using  the  known 
upstreom  values  to  estimate  the  advectlon  terms-  and 
V  Is  then  deduced  from  the  continuity  equation  (3) 
Rnally,  a  finite  volume  discretization  ot  equation  (1) 
provides  o  systeni  of  equations  that  Is  solved  using  the 
Modified  Sttongly  Implicit  algorithm  developed  by 
Schneider  ond  Zedan  (1981).  The  computational 
domoln  Is  presented  on  figure  1.  The  grid  Is  divided  in 
two  sets  the  first  one.  covering  the  groove.  Is  such 
that  the  meshes  ore  regularly  spaced  along  the  y  and 
z  directions  lit  the  second  set,  above  the  rib.  the 
mesh  reportitlon  along  z  Is  the  same  as  the  previous 
one  whereas  that  along  y  Is  following  a  geometrical 
progression.  As  It  has  been  shown  In  the  previous  stur^ 
relative  to  the  lamlnor  regime  (Uondrat  et  al ,  1990), 
the  evaluation  ot  the  crest  velocity  gradient  Is  very 
cruclol  and  a  systematic  study  of  the  grid  refinement  Is 
necessary  to  ensure  calculation  convergence  '  the 
first  step  over  the  crest  plane  has  been  chosen  less 
thon  10^  wall  units  The  number  of  grid  points  Is  81  x  29 
(relative  to  y  ond  z  respectively) 


where  p  Is  density. 

The  boundary  conditions  are  • 


Rg.  1 .  Computation  mesh  grid 


The  calculation  Is  Initialized  with  the  experimental 
velocity  prollle  (U/U,  *  f(v/S))  obtained  just  upstreom 
the  rlblet  plate.  It  Is  run  over  a  smooth  wall  until  the 
longltudnal  evolution  of  skin  friction  coefficient  Cf 
satlslles  the  usual  low  (Cf  »  0.06  Re-°'2,  with  Re  the 
Reynolds  number  based  on  streamwise  distance  x). 
When  this  condition  Is  verified,  the  corresponding 
velocity  profile  Is  considered  as  the  reference  profile 
used  to  Initialize  computations  on  the  rlblet.  In  fact, 
when  the  experimental  Reynolds  number  R  «  300  Is 
used,  the  computed  velocity  profiles  do  not  retain 
turbulent  featues  and  It  has  been  decided  to  work 
with  R>1000  the  resulting  reference  profile  somewhat 
differs  fiom  the  experlmentdl  one. 

Turbulence  closure  models  have  been  derived  using 
Boussinesq  hypothesis  to  estimate  and  ^  In 
equation  0).  The  eddy  viscosity  Is  computed  from  a 
mixing  length  model  propounded  by  Cebeci  and 
Smitn  (see  Cousteix.  1968).  In  the  Inner  r(>glon 
(y/6  s  0.15).  V,  Is  given  by  v„  ■  x*d^l-e-*^)^/an 
where  %  (“^l)  Is  the  Kdrmann  constant,  d  a  iccoi 
length  to  be  defined  later,  A  >  26  v  (v/p)‘*  (with 
wall  friction  stress)  and  3U/an  Is  the  velocity  gradient 
normal  to  the  wall.  In  the  outer  region,  v,  Is  colcjlated 
from  v„  •  00168  U,6|  (l+5,5(d/8)‘)-'  where  8,  Is  the 
displacement  tNckness  The  connection  between 
these  two  regions  Is  obtained,  for  v/8  >  O.IS,  by 
V,  =  v,,(1-o-'^if'^»).  On  the  flat  plate,  d  =  y  Is  the 
distance  from  the  wall  Over  the  V  groove,  two  models 
have  been  used  to  estimate  d.  The  first  one  Is 
deduced  frori  Buleev(1963)  who  studed  the  flow  In  a 
square  pipe.  The  computational  domain  Is  divided  m 
two  parts  0]  and  Oj.  in  0),  d  Is  defined  by 
1/d  ■  .5  (l/di+l/dj).  whereas  In  D2.  d  Is  the  distance 
PH,  where  H  belongs  to  the  Active  wall  built  from  the 
borderline  AO'B  using  the  previous  relationship.  In  the 


second  model,  d  Is  obtained  Itom  the  conformal 
mapping  relating  the  flat  plate  to  the  triangular 
groove  (Bechert  and  Bartenwerfer.  1989)  presented 
on  figure  2  .  tronsversal  lines  correspond  to  Iso-d-llnes. 
Thus,  d  Is  estimated  from  the  grid  presented  on  figure 
2b  and  equation  (1)  Is  solved  using  the  grid  shown  on 
figure  1 


RESULTS  AND  DISCUSSION 

Mean  longitudinal  velocity  proflIes  obtained  at  various 
spanwlse  posfttons  z/s  (X  =  700  mm  »  208).  within  and 
over  a  groove,  are  shown  on  figure  3.  The  yj  distance 
Is  the  separation  along  the  direction  normal  to  the 
crest  plane  between  the  considered  point  and  the 
wan.  Generally  speaking.  It  is  found  that,  with  respect 
to  the  smooth  wall,  the  velocity  gradient  over  the  crest 


(a)  (b( 


Flg.2.  Grids  used  for  determining  the  distance  to  the 
wall  d  Involved  In  the  mixing  len^  model 

(a)  Initial  cartesian  grid 

(b)  Cunrillnear  grid  deduced  from  conformal 
mapping 


Is  enhanced  by  about  100  %  whereas,  over  most  of 
the  rib,  gradients  are  weakened  this  Is  especlolly 
apparent  over  the  trough  where  frictton  Is  almost  zero 
This  Is  simlar  *0  what  had  been  previously  observed  for 
both  the  lamlnor  regime  (DJenIdl  et  al.,  1989)  and  the 
turbulent  one  (Vukosiavcevtc  et  al.,  1987).  The 
spanwlse  position  at  which  the  velocity  profile  Is  the 
same  as  that  over  tne  flat  piote  Is  z/s  about  0,1  This  is 
In  very  good  agreement  with  the  conformal  mapping 
analysis  showing  the  distance  d.  Involved  In  the  eddy 
viscosity.  Is  the  some  os  that  over  the  smooth  plate  for 
z/s  >  0. 1 .  Concerning  numerical  predctlons.  It  oppears 
that  the  two  models  give  almost  Identicol  profiles,  so 
that  only  results  computed  with  the  first  model  will  be 
presented  later  on.  But.  though  experimental  and 
numerical  velocity  prollles  ate  very  similar  over  the 
crest,  they  differ  noticeably  wItNn  the  groove  These 
dlscreponcles  might  result  from  the  use  of  the  mixing 
length  model  Hout  this  kind  of  model  Is  usuolly  efficient 
In  describing  wall  flows-,  or  from  the  Reynolds  number 
which  retains  signiflcantly  different  values  for 
experiments  and  calculations-  but  this  would  probably 
Induce  more  differencles  over  the  crest  than  over  the 
trough  unlike  what  Is  actually  obsenred.  It  seems  more 
reasonable  to  think  that  the  assumption  W  »  0  Is  the 
main  cause,  especially  since  this  Is  not  verified 
expehmentolly :  there  would  exist  two  counter-rotating 
vortices,  one  of  them  sitting  on  each  side  of  the 
trough.  Even  very  low  W  values  -with  respect  to  U-  may 
result  In  significant  contributions  from  the  W3U/3z  term 
which  could  not  be  neglected  anymore  In  equation 
(1) 

Indeed,  figure  4  shows  that  spanwlse  U  variations  are 
significant  In  the  region  close  to  the  crest  plane,  and 
that  1 3U/az  I  Is  about  one  third  of  9U/3y  at  the  place 
where  It  Is  greatest  (z/s  -  0.2  and  0.8) ;  thus,  there  may 
exist  positions  where  WdU/Bz  could  even  be  larger 
than  V9U/dy.  Moreover,  these  velocity  distributions  are 
In  very  good  agreement  with  Hooshmand  et  al.'s 
(1983)  experiments  pointing  out  the  rapid  dumping  of 
spanwlse  U  variations  when  moving  away  from  the 
crest  plane.  The  magnitudes  of  variations  deduced 


Fig.3,  LonglfucHnal  moon  velocity  profllej  over  and 
within  rlbleti. 

a)  Experiments  ;■  X/8  -  20,  U*  =9  cm/s,  s=2h.7mm 
•■z/s=0  (peak),  +2/S-0,  )4.  •  ■  z/s>0  25,» :  z/s  =  0,36, 
o,  z/s  *0,50  (trough), x:z/s«l  (peak), - -;smooth  plate, 

(b)  Computations  with  the  first  model  (some  z/s  os  (o)), 

(c)  Computations  with  the  second  model  (same  z/s  as 

(a)) ;, . :  smooth  plate  (for  computations). 


from  experiments  and  from  computations  are  quite 
simllor,  though  the  distribution  obtained  experimentally 
at  the  position  closer  to  the  crest  plane  does  not 
exhibit  the  quite  flat  plateau  extending  over  about 
one  third  of  the  groove  which  Is  present  In  the  three 
other  profiles.  In  addition,  the  au/az  evolutions  resulting 
from  these  distributions  ore  completely  corjistent  with 
the  OW  profiles  presented  on  figure  6  (at  0  05  5  from 
the  crest  plane)  and  the  Boussinosq  hypothesis, 
□W  •  -V,  au/az,  despite  the  difficulty  of  uw 
measurements  close  to  o  wall  with  a  one  component 
lasei-Dopplei  velocimeter this  result  clearly  supports 
the  validity  of  the  mixing  length  model  used  In  our 
computations.  It  Is  worth  mentioning  that  the  lines 
drawn  on  llgures  4  and  5  ore  not  best  tits  of 
experimental  points  but  they  rather  represent  average 
curves  Insuring  the  coherence  between  these  results 
and  the  Boussinesq  hypothesis.  In  addition,  on  figure  4, 
for  the  dstance  y  >  0.05  6.  the  relative  positions  of 
experimental  and  numerical  curves  for  various  z/s 
locations  are  not  consistent  with  velocity  profiles 
reported  on  llgures  3a  and  3b  :  since,  at  this  distonce 
y.  the  velocity  gradients  along  the  direction  normal  to 
the  crest  done  ore  very  strong,  a  small  error  on  the 
experimental  estimation  of  y  could  both  explain  why 
velocities  ore  not  equal  on  the  crests  and  why  the 
experimental  velocity  Is  not  smaller  than  the  numerical 
one  over  the  trough. 


Hg.4.  Sponwise  distributions  of  longitudinal  mean 
velocity  over  riblets. 

-X- :  y  •  1 .75  mm  =  0.058 ;  :  y  «  1 .50  mm  «  0  048 ;; 

computdtlons. 


0  z/s  1 


Fig.5  Spanwfse  distribution  of  Reynolds  shear  stress  u9 
over  riblets 

Y  «  1 ,75  mm  «  0.056 ,  — experiments , 

-  -  computations 


0  z/s  1 

Rg.6.  Spanwise  dstrlbutlon  of  standard  deviations  over 
riblets 

y  «  1.75mm  •0.058;x ;  u‘, o  :  v/ 


0  ,2  y,/5  .4 


Flg.7.  Standard  deviation  of  longt-udlnol  velocity 
fluctuations  over  and  within  riblets, 

• .  peak,  +  trough,  •  •  smooth  plate, 


0  ,2  y,/5  ,4 


Rg.8.  Stondord  deviation  of  spanwise  velocity 
fluctuations  over  and  within  riblets. 

* .  peak,  +  trough,  •  ■  smooth  plate. 


The  spanwise  variations  of  velocity  standard  devlotlons 
u7U,  ond  W/U,  obtained  experimentally  ot  the  same 
distance  from  the  crest  plohe  are  shown  on  figure  6 
there  seems  to  be  a  minimum  tor  u7U,  and  a 
maximum  fof  v//U,  at  the  same  sponwise  position 
z/s  •  0.3  (and  0  7  as  well),  where  Is  located  the 
crossover  ot  137!.  It  Is  Interesting  to  notice  that  these 
locations  ore  also  those  where  J  W  Is  greatest  (not 
presented  herein) :  tNs  Is  the  place  where  the  counter¬ 
rotating  vorttces  hove  the  most  Important  contribution 
to  the  sponwise  velocity  charocfeilstics.  It  Is  also  worth 
mentioning  thot  the  numerical  uw  disttibullon  (flgure 
5)  exhibits  the  some  behavtour  as  the  experimental 
one  -but  with  a  signiflcantty  lower  level-  though  these 
computations  ore  based  on  the  assumption  W  «  0,  so 
that  It  Is  reasonable  to  think  th^  these  vortices  are 
enhoncing  the  correlation  ..The  corresponding 
correlation  coetflclent  obtained  experimentally  (not 
presented  herein)  presents  exactly  the  same  feature 
as  that  of  the  correlation  0^  and  Its  moximum  value  Is 
about  0.2. 

FIgues  7  and  8  give  longitudnol  and  sponwise 
standard  devlatlont,  u7U,  ond  W/D,  respectively,  as  a 
function  of  the  octual  distonce  to  the  wall  yi/8, 
meoiured  straight  over  the  peak  and  straight  over  the 
trough  extendng  within  the  groove.  These  profiles  are 
compared  with  that  determined  over  the  smooth  wall 
just  downstream  the  riblet  wall  (X  •  730  mm  -  21  8) 
which  Is  practically  Identical  with  the  upstream  one 
(X  •  420  mm  -  13  8).  One  observes  quite  large 
turbulence  reduction  In  the  trough  vicinity  and 
signiflcant  Increose  close  to  the  peak.  Nevertheless, 
one  could  Imagine  that,  since  mean  velocities  U  ore 
very  smal  wllhin  the  grooves,  tubulence  Intensities 
u7U  and  w'/U  ore  strong  close  to  the  wall.  In  the 
trough  vicinlly  But  It  appears  (not  presented  here) 
th<-‘  the  u7U  ond  v//U  profiles  determined  over  the 
peak  and  over  the  trough  are  almost  the  some  as  the 
smooth  wal  one.  This  result  supports  the  concept  of 
flow  stabilisation  by  riblets  and  strengthens  the 
argument  relative  to  the  relevance  of  viscous  effects 
In  the  mechanism  of  turbulent  drag  reduction  by 
riblets. 
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CONCLUSION 

In  spite  of  the  large  wetted  area  Increase  there  may 
exist  a  turbulent  drag  reduction  resulting  from  the  new 
velocity  distribution  within  rlblets  since  It  appears  thot. 
over  most  of  a  groove,  friction  Is  much  lower  than  on 
the  smooth  wall.  A  similar  effect  has  been  obtained  In 
laminar  flow  but  detolled  mechanism  concerning  the 
mean  velocity  field  Is  somewhat  different  since,  In  the 
turbulent  regime,  on  one  hand,  over  the  crests  the 
relative  friction  enhacement  Is  smaller  and,  on  the 
other  hand,  over  the  trough  the  friction  reduction  Is 
also  weaker  this  seems  to  be  related  to  turbulent 
mixing  tending  to  smooth  velocity  gradients.  In 
addition,  the  existence  of  two  counter-rotating 
vortices  relative  to  each  groave-which  are  not  present 
in  the  laminar  regime-  Is  also  on  Important  feature  to 
be  studied  more  thoroughly  to  exiikaln  the  observed 
stoblllsotlon  of  the  turbulent  flow.  Moreover  it  Is 
necessary  to  fake  Into  account  In  numerical 
computations  the  existence  of  these  vortices  which 
are  inducing  non  lero  mean  sponwise  velocity.  It  Is 
also  crucial  to  Investigate  experimentally  v'  and  the 
shear  stress  117  In  order  to  better  understand  the 
influence  of  rlblets  on  the  structure  of  turbulence  and 
to  Improve  modelling 
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